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ABS TRACT 


The azo compound, 1,1'-diphenyl-l-methylazomethane, 
7, Was synthesized and resolved to optical purity. Its 
absolute configuration was determined by a stereospecific 
synthesis of (-)-7 from (-)-&-phenylethylamine. Optical- 
ly active 1,1'-diphenyl-l-ethyl-l-methylazomethane, 29, 
was also synthesized. 

Jake Droauetor trom the decomposition of 7 and 29, 
1,2-diphenylpropane, 13, and 1,2-diphenyl-2-methylbutane, 
wep respectively, were synthesized from optically active 
precursors and their maximum specific rotations and 
absolute configurations determined. 

Decomposition of (-)-7 and (+)- and (-)-29 were 
carried out in a variety of solvents in absence and 
presence of a scavenger. The cage coupling products, 13 
and 35, were isolated and their rotations measured. In 
each case these products were shown to have been formed 
from the parent azo compound with net retention of confi- 
guration. 

The cage effects in the decomposition of 7 and 29 
were determined in benzene in the absence of scavenger 
from the product distribution. They were also measured 
In a) variety of solvents in the SE: of a scavenger 


fromthe product distribution. 
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The net retention of configuration was 10-15% and 
the cage effects varied from 15% to 35% depending on the 
Soivent used. From the values for net retention of 
eontiguration and the cage effects, the ratio of the rate 
of coupling of the asymmetric radical with the counter 
radical to its rate of rotation, k,/k,, was calculated and 
was found to have values in the range 0.05 - 0.1. No 
significant difference in the value of k,/k,; was found for 


the two systems studied. 
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The stereochemistry of breaking and making of bonds to 
an asymmetric carbon atom has been intensively studied in 
cases where the mechanism of the process has been ionic in 
character. However, less attention has been paid to 
corresponding radical reactions. 

Of attempts to study this phenomenon, the earliest re- 
ported was that of Brown, Kharasch and Chao (1), who 
generated a radical at an asymmetric centre by the photo- 
chlorination of optically active l-chloro-2-methylbutane. 
The product, 1,2-dichloro-2-methylbutane, was found to be 
completely racemized. 

Skell and coworkers (2) found that the photochemical 
bromination of 1l-bromo-2-methylbutane gave 1,2-dibromo-2- 
methylbutane as product and this Ped retained optical 
activity. However, since neither the absolute configura- 
tion of the product nor its optical purity had been 
determined, it is not known whether the reaction proceeded 
with inversion or retention of configuration. The 
retention of optical activity in this case has been 
rationalized on the basis of a bridged bromine radical, 


as shown in the following equation. 
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Aneauternative explanation for retention of optical 
activity in the product obtained from the photobromination 
of 3-methylpentanoic nitrile was proposed by Haig and Heiba 
(3). They proposed that the abstracting species is Br3* and 
the Peaut ting alkyl radical undergoes a cage reaction with 


bromine before rotation can occur. 


C2H5 } C2H5 C2H5 
CH, ° GH,{5 CH, * 
3 3a Bm 
[ 2] SChCHs- CN => fc chee CN > ~c-cHy-cn 
H Br 
*Br3 HBr Bros cage 


No data were presented concerning the degree of optical 
purity of the product or whether configuration was retained. 
Photochemical hydrobromination of olefins at low 
temperature (~-80°C) carried out in the presence of a large 

excess of hydrogen bromide results in a high degree of 
Me taace lectivity hay Pee 

The free radical decarbonylation of aldehydes might 
yield optically active products. However, the gas phase 
photolysis of 2-methylbutanal in the presence of iodine 
yielded racemic 2-iodobutane (6), and photolysis of 2,4-di- 


methyl-2-ethylpentanal in the liquid phase resulted in 
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racemic 2,4-dimethylbutane (7). While decarbonylation of 
aldehydes is a chain reaction it might be expected, 
particularly in the presence of scavengers, that loss of 
carbon monoxide from the acyl radical might block frontside 
attack to some extent if hydrogen abstraction were 
competitive with diffusion, with resulting net inversion 

Or contiguration. 

The Hunsdiecker reaction apparently proceeds by a 
radical mechanism, since decarboxylation proceeds readily 
ae the bridgehead position of.strained bicyclic systems (8). 
Attempts to study the stereochemical outcome of this re- 
action have ledeto a Series of confusing’ and conflicting 
results. Arcus and Kenyon (9) reported that optically 
active hydratropic acid yielded o(-phenylethyl bromide in 
good yield with 35% retention of configuration. This work 
was repeated later by Arcus and Abbott(10) who could not 
isolate any bromide from the reaction despite repeated 
attempts. These workers, however, obtained from optically 
active 2-ethylpentanoic acid, the corresponding optically 
active bromide, but of unknown optical purity and stereo- 
chemistry. However, Bell and Smith had carried out this 
reaction two years earlier and obtained completely racemic 
Broguet (Lt). 

A major disadvantage to the study of the Hunsdiecker 
reaction is the presence of silver bromide, bromine, and 


inevitably, hydrogen bromide. These are capable of 
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racemizing the alkyl bromide formed. 

It has been reported recently by Jensen and coworkers 
(12) that#the Hunsdiecker reaction on 4-tert-butylcyclohexyl 
carboxylic acids yielded the corresponding bromides with 5% 
net retention of configuration. They envisaged this 
retention as arising from a fraction of the acyl hypobromite 
decomposing in the solvent cage while the remainder 


proceeded by a chain reaction, as shown in Scheme I. 
Scheme I 
R-CO Ag ng BY5 —>~ R-CO5Br + AgBr 


R-CO5-Br > RCO>: Ete Br- 


RCO>° sore Ret +: CO, 


R* + RCO5Br > R-Br + RCO>° 


RCO>Br ——> [RCO ° -Br| ——>|r-coz-Br} > RBr + CO 


cage cage 

These results differ from those obtained by Eliel and 

Acharya (13). They reported that the Hunsdiecker reaction 
On cis- and trans-4-tert-butylcyclohexanecarboxylic acid 

both yielded the same product mixture, 65% trans, 35% cis. 
While the reaction conditions used by these workers were 


more severe than those employed by Jensen and coworkers, 
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control experiments indicated that the result could not 
haye been entirely due to product equilibration. 

Lau and Hart (14) generated the 4-tert-butylcyclohexyl 
radical from decomposition of the corresponding diacyl 
peroxide. Product was formed by this radical abstracting a 
bromine atom from tetrabromoethane. Analysis of the products 
Pevealea that the trans and eis bromides were formed in 
relative yields of 52% and 48% respectively, regardless of 
whetner the Giacy!l peroxide had cis or trans geometry. 

Greene, Chu and Walia (15) also generated this radical 
from decomposition of dimethyl-cis- and trans-4-tert- 
butylcyclohexylcarbinyl hypochlorite. These workers 
obtained cis- and trans-4-tert-butylcyclohexyl chloride in 
the raeiogot 2:ieiniboth.cases. 

Decomposition of tertiary alkylhypochlorites yields 
alkyl chlorides as products (16). The mechanism of 
decomposition was believed to involve a chain reaction as 
shown in Scheme II below. However, it was possible that all 
or some of the product might arise by two-bond cleavage in 
ansolvent cage. 

Two groups (17,18) independently studied the decompo- 
sition of 2-methyl-3-phenyl-2-butylhypochlorite. Both 
obtained o-phenylethyl ejiueepaeel with approximately 2% 


retention of configuration. 
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Scheme II 
CH3 CH3 
R-C-O-Cl > R-C-O- + Cl 
te re 
CH3 73 
R-C-O- —————> R- + C==0 
be Ie 
73 CH, 
R: + R-C-0O-Cl —————>» R-Cl + aie 
te io 
3 


R= C¢H.-CH 


Several insertion reactions of carbenes have been 
proposed to involve abstraction followed by recombination 
Orereacdveal pairs, tocyield optically active products. The 
reaction of methylene with optically active 2-chlorobutane 
yielded 2-methyl-l-chlorobutane with 10% retention of 


configuration (19). 


cl | CH,Cl 


[ 3] Cha. 4 Ge. Ch -CH-CH > |CH.-CH -CH-CH __—> 
2 3 2 3 & Zz 3 cage 
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10% net. retten tion 
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Similarly, reaction of cyanonitrene with 1,2-dimethyl- 
cyclohexane yielded product with net retention of 


eonfiguration, (20)... 
t 7 


> 
[4 ] a H3 


major product 


Reaction of dichlorocarbene with optically active bis- 
2-methyl-l-butyl mercury yielded 2-methyl-l-butyl 2-methyl- 
2-dichloromethyl-l-butyl mercury with 10% net retention of 


contiguration (21). 


H CHC1. 
:CCl. 
[5] (C,H_--C-CH,) Hg —_—_-> ea a ma 
CH, CH, CH, 


10% net retention 


The systems most frequently studied in an effort to 
observe the stereochemistry of radical reactions have been 
acyl peroxides. The first study was carried out by Greene 


(22). This was the decomposition of optically active 
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hydratropoyl peroxide. Unfortunately, this compound was too 
unstable to be isolated, so it was generated and decomposed 
in solution at 0°c and at -15°C. The details are shown in 

Scheme III below. The run at -15°C showed higher retention 


of configuration. 


scheme 2111. 
(C,-H,-CH-CO.) 5 > E C¢H_--CH-CO,- | agra are vise 
cage 

CH3 CH3 CH3 ) 

lcglt,-CH-co, CO. -cx1-c gt, | —> lega,-cu. Pe CO. en-cgt, 
cage cage 
CH3 CH3 ier: 
Co H.-CH-CO,-CH-C-H. Co H=-CH-CH-C¢H_ 
/ meso and dl 
CH3 dl, 4-34% net retention 
C,H, -CH-OH 


68-82% net retention 

The hydrocarbon product, formed within the cage, was 
composed of approximately equal quantities of meso and dl 
isomers. Examination of the dl portion showed it to have 


been formed with 4-34% retention of configuration. 
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Kharasch and coworkers (23) found that the ester, 
2-butyl 2-methylbutyrate, isolated from decomposition of 
optically active 2-methylbutyryl peroxide showed 78% 
retention of configuration in the alcohol moiety. No 
hydrocarbon was reported. Also, DeTar and coworkers (24) 
reported that the decomposition of 2-methy1l-3-phenyl- 
propionyl peroxide to the corresponding ester proceeded 
with 75% retention of configuration in the alcohol portion. 
Again no hydrocarbon was reported in this decomposition. 

Recently, Walborsky reported that the decomposition 
of optically active 2,2-diphenyl-l-methylcyclopropylcarboxy 
peroxide in carbon tetrachloride gave a small quantity of 
2,2-diphenyl-l-methylcyclopropane (25). This was interpre- 
ted as having arisen by disproportionation within the 
solvent cage, although the corresponding olefin was not 


identified. The degree of retention observed was 31-37%. 
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One disadvantage of experiments on acyl peroxides is 
that the decomposition may be occurring by more than one 
MecnaniLsmsphit eis known, for example, that rearrangement of 


the acyl peroxide can occur prior to decomposition (26). 


[7 | R-C-0-0-c_R -——__> ae la 


A cyclic mechanism has also been proposed for formation of 


ester (23) as shown in the equation below. 


O 

[ 2] AON R-cf 
ee Ge 
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i oa weresthe case, no racemizationgat allijwould be 
expeczea. Tnethe case’ of the optically active hydrocarbon | 
Obtained by Greene, it is difficult to envisage aymechanzrsm 
by which it could arise, other than by a radical mechanism 
within a solvent cage. 

Bartlett and coworkers have reported on the decompo- 
sition of cis- and trans- tert-butyl 9-decalylpercarboxyl- 
ate (27). Reaction between the two radicals generated 
seemed to be entirely by disproportionation. Reaction of 
the decalyl radical with oxygen gave the same product 


mixture, 10% cis, 90% trans, starting with trans isomer at 
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low and high pressures of oxygen and with cis isomer at low 
pressure of oxygen. However, at high pressures of oxygen 
(500 atmospheres) cis isomer gave predominantly cis 
oxygenated product...The. authors, based_on. these.results, 
argued in favor of two types of radical intermediate. The 
more stable one is planar so that cis and trans both attain 
it at low oxygen concentrations. At high oxygen concentra- 
tions, a different radical species is being captured before 
it,can change to the more stable planar radical. These are 


outlined in the equation below. 


tBu03C 
CO3tBu ll 
ak 
7 O> 
500 atm 
02 , cis product 


cis and trans 
products 
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Decomposition of substituted tert-butyl percinnamates 


(28,29) yielded vinyl radicals which become completely 


equilibrated before capture by hydrogen donors can occur. 


The Meisenheimer rearrangement of amine oxides to 


hydroxylamines has been postulated to involve cleavage to 


a pair of radicals, followed by recombination within the 


solvent cage. Schollkopf and coworkers studied this reaction 


using the amine oxide from N,N-dimethyl-d& -deuteriobenzyl- 


amine. The hydroxylamine obtained as product was 


hydrogenolyzed to the corresponding alcohol which was 


found to have 23-38% net retention of configuration (30). 


2 EL CH i sh O42 
6:5 + CH; & 5 7 3 
con ns 
ef [ven ee os 
o H D oo 
rr cage 
Pd/H5 NS FH3 
enone es coon 
D D 


23-38% net retention 


A similar rearrangement is the Wittig rearrangement of 


metalated benzylic ethers. Among others, a radical cleavage 


recombination reaction has been proposed as the mechanism. 


This rearrangement proceeds with 60-80% retention of confi- 


guration (31). 
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The chromic acid oxidation of optically active 3- 
methylheptane yielded 3-methyl-3-heptanol with 70-85% 
retention of configuration (32). The reaction has been 


proposed to involve a radical mechanism. 


VI 
[22] pare kt is {e. + cr” + «| ———> R 
VI 
cage er 
recombination 
R-O-Cr!Y Rt 
[10 [p00 
R-OH R-OH 
active racemic 
gis 
R = CyH-C 
CH3 


The authors believe the 10-15% racemization to be due to 


escape from the solvent cage. 
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Decomposition of pyrazolines to the corresponding 
cyclopropanes has been shown by Crawford and Mishra to 
involve a diradical intermediate (33). The stereochemical 
results, however, vary considerably from compound to com- 
pound. Thus von Auwers (34) reports almost complete re- 
tention of configuration for decomposition of cis- and 
trans-3,5-dicarbomethoxy-3,5-dimethyl-l-pyrazoline. Von 
Auken and Rinehart (35), on the other hand, report only a 
very small net retention of configuration for thermal 
decomposition of. 3-carbomethoxy-cis-3,4-dimethyl-1- 
pyrazoline. 

Crawford and Mishra (36) found that 3,5-dimethyl- 
pyrazoline gave net inversion of configuration. Thus, 
starting from the cis-pyrazoline the 1,2-dimethylcyclopro- 
pane was 66% trans, 33% cis. 

Since this research programme was commenced, several 
reports of studies in the field of azo compounds have ap- 
peared. Bartlett and McBride reported on the decomposition 
of meso- and dl-azo-bis-3-methyl-2-phenyl-2-butane (3975. 
The product of recombination of the two 3-methyl-2-phenyl- 
2-butyl radicals showed no stereospecificity at temperatures 
above 0°c. This was due to the fact that the amount of 
recombination within the solvent cage was extremely small - 
about 2%. By decomposing the azo compound photolytically 
in a glass matrix at 779K, where escape from the cage was 


impossible, 100% stereospecificity was observed. 
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A preliminary account of the decomposition of optical- 
ly active 1,1'-diphenylazoethane has recently been pub- 
lished by Greene and Berwick (39). The products isolated 
from the decomposition were meso-, d- and ]-2,3-diphenyl- 
butane. In the absence of a scavenger, a yield of 90% of 
coupling products was achieved. On analysis, the product 
mixture was found to be 49.3% meso. Of the non-meso coup- 
ling products, 26.8% had retained configuration and 23.4% 
had inverted configuration. In the presence of a scaven- 
ger, the yield of coupling product was 28%. This was com- 
posed of meso isomer, 48.1%, and non-meso, 31.3% of re- 
tained and 20.6% of-inverted configuration: ‘These’ figures 
correspond to 10% net retention of configuration for each 
asymmetric centre. 

In contrast to the low stereoselectivity observed for- 
the decomposition of this azo compound, recent work by 
Bartlett and Porter (38) on the decomposition of 3,6-di- 
methyl-3,6-diethyl-3,4,5,6-tetrahydropyridazine yielded 
the corresponding cyclobutane with 98% retention of 
configuration. 

From the foregoing results, it becomes obvious that 
the chances of observing retention of configuration are 
extremely remote for eyoteevaaaeal reactions which proceed 
by a chain reaction. Those reactions which generate a 
pair of radicals simultaneously in a solvent cage have the 


greatest chance of showing stereospecificity in the 
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recombination reaction. 

Azo compounds, therefore, seem to fulfill this ideal, 
but it is necessary to examine the evidence to ensure that 
decomposition is truly a radical process and not open to 
question as in the case of acyl peroxides or the Wittig 
rearrangement: 

Azo-nitriles such as azoisobutyronitrile (AIBN) have 
been known for a long time to decompose on heating, with 
Foss2of “nitrogen; .to yield product resulting from coupling 
of the two remaining fragments (68). Whether this coupling 
product arose by a concerted process or by recombination of 
two radicals generated in the decomposition was uncertain, 
until it was demonstrated by several groups (40) that AIBN 
could be used to initiate polymerization of vinyl monomers, 
in the same manner as other compounds, such as benzoyl 
peroxide, which give rise to radicals. 

The radical nature of the decomposition is further 
supported by the bleaching of stable free radicals such as 

w,&-diphenylpicrylhydrazyl (DPPH) (41). 

Overberger and Berenbaum showed that a radical process 
rather than an intramolecular process was involved in the 
decomposition of azonitriles by heating a mixture of 
azobisisobutyronitrile and l-azobiscyclopentanenitrile and 
showing that a cross-product was formed as well as the two 
symmetrical coupling products (44). 


Rates of decomposition and the energies of activation 
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for decomposition are dependent on the degree of substi- 
tution of the carbon atoms alpha to the nitrogen atoms of 
the azo compound. Azobenzene does not decompose until 
heated to greater than 600°C (42) while azotriphenylmethane 
is too unstable to be isolated (43). Therefore, it would 
appear that the rate of decomposition is dependent on the 
Stability of the radicals generated. This is borne out by 
study of the rate of decomposition of a large variety,of 
azo compounds and is consistent with a free radical mechan- 
temaror the decomposition. In Table I it can be seen that 
in the series R-=CH3-,CH3CH)-, (CH3) 9CH-, (CH3) 3C-, there 
is a gradual lowering of the energy of activation, due to 
increasing stabilization of the incipient radicals through 
hyperconjugation at the transition state. By substituting 
a phenyl, cyano or carboxy group on the oi-carbon of an azo. 
compound, the radicals produced by decomposition are 
stabilized by mesomerism. This provides much greater 
stabilization of the radicals and as a result increases 

the rate considerably. 

In order to observe retention of configuration in the 
product arising from radical recombination in the solvent 
cage, it is important that the two radicals should be 
generated simultaneously in the decomposition of optically 
active azo compounds. This problem has received consider- 


able study. Seltzer and coworkers studied the secondary 
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TABLE I 


Rates and Activation Energies for Decomposition of R-N=N-R 


(CH,) ,-C-CN 


(C¢Hs) 2CH 


Solvent Temp. 
Ga 

gas 300 

gas 

gas ZOU 

gas 

gas 

toluene EO 

toluene 59.4 

toluene 80 

toluene 64 
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of-deuterium isotope effects in the decomposition of the 
series of azo compounds shown in Table II. In the decom- 
position of 1,1'-diphenylazoethane-1,1'-dy and its protio 
counterpart, the rate ratio ky/kp was found to be 1.27. 
This corresponds to about a 12% decrease in rate per 
deuterium atom and is in agreement with the results obtained 
elsewhere (55). This implies that both carbon-nitrogen 
bonds are being stretched to ane same extent in the tran- 
sition state. The results forol-phenylethylazoisopropane 
indicate that while both carbon-nitrogen bonds are being 
stretched at the transition state, bond cleavage of d- 
phenylethyl-nitrogen bond is occurring somewhat faster than 
the other. The results for o-phenylethylazomethane indi- 
cate that only the ophenylethyl-nitrogen bond is being 
broken at the transition state. 

From these results, it would seem that where the two 
groups have a reasonable ability to stabilize a radical both 
bonds break simultaneously. Arylazotriphenylmethanes would, 
therefore, be expected to undergo cleavage by a sequential 
mechanism, cleaving to a triphenylmethyl and a phenyldiazo 


radical which later loses nitrogen to give a phenyl radical. 


[13] Ar3-C-N=N-9 —> [Ar3C- -wen-G] o> Ar3C- + -N=N-G 
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TABLE II 


Isotope Effects in the Decompositions of Azo Compounds 


Compound 
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This was borne out by the work of Pryor who observed 
a decrease in rate of decomposition of these compounds, 
where the decompositions were carried out in increasingly 
viscous solvents (58). This can be explained on the basis 
of a recombination of the initial radical pair to regen- 
erate starting azo compound. In more viscous solvents, 
diffusion from the cage would be slowed down and recom- 
bination could compete more effectively with diffusion 
resulting in a decrease in the overall rate. 

Use of activation energies might have been used to 
show that decomposition of azo compounds is a concerted 
process, had there been data available for the decom- 
position of unsymmetrically substituted azo compounds. 
Unfortunately, the efforts of Cohen and Wang to synthe- 
size methylazo- and benzylazodiphenylmethane were 
unsuccessful (59). 

The mechanism of decomposition of azo compounds is 
outlined in Scheme IV. 

It can be seen that recombination and disproportion- 
ation of the radical pair in the solvent cage may compete 
with diffusion of the radical pair from the solvent cage. 
After diffusion, the radicals may behave in the normal 
manner, either coupling with each other at random or 
reacting with the solvent, with added species such as 
radical scavengers, or, for example, vinyl monomers, 


initiating polymerization. 
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Scheme IV 


kj 4 
i R-N=N-R --- [R. N5 “ahs 


Ko 


(2) [R- N5 -R | osge—— R-R + disproportionation + N5 
products 
: k 
3 
(3) [R- Ny R lose > 2 R+ + Ny 
kq4 
(4) 2 R: ————> R-R + disproportionation products 


The fraction of the radical pairs that couple before 
diffusion can occur is a result of the cage effect (60). 

The tnefficiency intradicaleproduction!iresulting from 
the cage effect was recognised as the cause of lower than 
expected erate of initiation vof vinyl: polymerization» (6L)% 

In 1954, Noyes gave a full theoretical treatment to the 
phenomenon lof the cage effect (62) «-sBriefly, -~histheory 
makes the following points:- 
(1) The radicals from a specific decomposing molecule may 
undergo "primary recombination" in the cage in which they 
are formed. This must happen before the two radicals have 
attained a molecular diameter separation and will take 


11 seconds. 


place within 10° 
(2) If these radicals escape from the primary cage, they 
undergo random diffusive displacements. During these 


displacements these two radicals may reencounter each other 
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and undergo "secondary recombination". Secondary recom- 
bination will occur within 107? seconds, otherwise they 
Wild have diffused so far apart thatthe probability that 
they will reencounter each other is negligible. The sum 
of primary and secondary recombinations constitute the cage 
erilect. 

(3) Radicals escaping both primary and second recom- 
binations may then couple with radicals generated in other 
decompositions or react with radical scavengers in the 
SOlvent. If thesradical.scavenger_is.of sufficient.reacti- 
Pre weoniepresent 1n surficient concentration, it may~ react 
with all the radicals outside the cage to the total 
exclusion of radical-radical recombinations. 

(4) If an extremely reactive scavenger is used, i.e. one 
which will react with radicals with a rate constant in 
excess of ane Ae sec l, then the scavenger is capable of 
competing with secondary recombinations even at relatively 
low concentrations of scavenger (i.e. 10-2 M or greater). 
Putting this in its mathematical form, to a first approxi- 
mation, the increased efficiency due to competition with 
secondary recombination is proportional to the square root 
of the scavenger concentration. 


Waits and Hammond have attempted to substantiate the 


theory by studying the decomposition of 1,1'-azocyanocyclo- 
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hexane and the related N-1l-cyanocyclohexanepentamethylene- 


keteneimine, 


CN 
using bromine and DPPH as scavengers (63). They found an 
approximately linear relationship between the square root 
of scavenger concentration and increased scavenging ef- 
ficiency at higher scavenger concentrations, but not at 
1072 M as predicted by Noyes. Waits aahiehtisn concluded 
that either the cage effect is not divisible into two 
separate types of recombinations, or these are not dis- 
tinguishable experimentally. 

They accounted for the increased efficiency as being 
due to interference of scavenger molecules, which are 
nearest neighbors, with primary recombination. 

A further consideration in the study of the stereo- 
chemistry of radicals is the conformation of the radical 
itself. There are a number of possibilities.- The first 
of these is that radical bearing carbon is hybridized with 
the odd.electron in a pure p orbital, i.e..a planar’ con- 
formation. A second consideration is an sp? hybridized 
carbon with one of the sp3 orbitals occupied by the odd 
electron. This is a pyramidal conformation. Something 
between these, namely a shallow pyramid, is also a possi- 
bility. A simple theoretical calculation based on the 


percentage s character of the carbon-carbon bonds would 
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favor a planar conformation (64), however, a more sophis- 
ticated theoretical treatment would seem to favor a 
pyramidal structure (65). 

Direct observation of methyl radicals by both ultra 
violet spectroscopy and by electron paramagnetic resonance 
spectroscopy (e.p.r.) favors a planar or nearly planar 
conformation (66,67). 

Chemical evidence would seem to indicate that both 
types of conformations are compatible with the generation 
of a free radical centre. Thus apocamphane-l-carboxylic 
acid ( 8) undergoes the Hunsdiecker reaction to yield the 
corresponding bromide presumably via a radical intermediate. 
Another strained system to behave in a similar manner is 
apocamphyl peroxide which decomposes in carbon tetrachloride 
to yield l-chloroapocamphane together with some 


biapocamphyl (69). 


[24] C09) 5 i cl 
> + ip 


Similarly, another system which gives of necessity a 


pyramidal radical is tryptoyl peroxide (70). It decomposes 
in benzene to yield tryptycene presumably by abstraction of 


a hydrogen atom from the solvent, or iodo-tryptycene when 
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the decomposition is carried out in the presence of iodine. 
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While pyramidal radicals are generated in these cases, 
their rates of formation tend to be slow. For example, 
apocamphyl and triptoyl peroxide decompose at a rate com- 
parable to that of acetyl peroxide; other tertiary substi- 
tuted peroxides decompose very rapidly. The triptycyl 
radical iirkeethe-triphenylmethyl* radical, has three, phenyl 
‘groups attached to the carbon bearing the odd electron,) but 
does not show any of the great stability of the latter. [In 
fact, its great instability is evidenced by its ability to 
abstract a hydrogen atom from benzene. Neither will 
tryptycene undergo free radical chlorination by sulfuryl 
chloride in the presence of benzoyl peroxide. 

On the other hand, a triphenylmethyl radical con- 
strained to be planar by virtue of two oxygen bridges ap- 
pears to be quite stable as evidenced by the high degree of 


dissociation of the corresponding hexaphenylethane (71). 
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Evidence in favor of a planar radical is provided by 
the experiments of Applequist and Kaplan (72). They 
studied the decarbonylation of aldehydes in carbon tetra- 
chloride with a view to trapping the acyl radical, as 
outlined in the equation below. 


ky 


[26] Bata See R-C=O 4g Ry 
H ka} CCl4 \ 
R-C-Cl RH, RC1 


O 

The crux of the experiment is that the less stable R- 
is, the slower the acyl radical may be in losing carbon 
monoxide. Hence the ratio k}/k2 as measured by product 
eeaeysis 18 a guide to the stability of the R- radical. 
For the series l-adamantylcarboxaldehyde, bicyclo 2,2, 2| - 
octyl-l-carboxaldehyde and 1-norbornylcarboxaldehyde, the 
Pome oS 2065), 5.0 end 0208... Hence in the highly strained 
bicyclic ring, where there is absolutely no chance for a 
planar radical, the acyl radical shows some reluctance to 
lose a molecule of carbon monoxide. Similarly, Humphrey, 
Hodgson and Pincock (85) found that the bridgehead peroxy- 
esters of these systems decomposed with relative rates of 
too. 0-07 and 0.001 respectively... These rates) can be in- 
terpreted as a measure of the relative stabilities of the 
radicals formed. 


Further evidence in favor of a planar conformation is 
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provided by a study of secondary 8 -deuterium isotope 
ereec ts Carevéed@out by "Seltzer Pand’ Hami Ptoh? (73). They 
studied the decomposition of azobis-o{-phenylethane-&f,f, - 
d3 and its protio counterpart. The observation of an 
isotope effect is based on stabilization of the developing 
radical by hyperconjugation. 
CeH.-CH: Ce6H,.-CH 
<—— > 
CH -H CH>-H 

A contribution from hyperconjugation therefore implies 

that the developing radical is approaching planarity at the 


transition state. A 2% reduction of rate per D atom was 


observed by these workers. p-Deuterium isotope’ effects 
have been measured for carbonium ion processes. In these, 


rate reduction is somewhat larger, e.g., 7% reduction per 
deuterium was observed in the solvolysis of d-phenylethyl- 
6. Pp. 6-3 chloride (74). 

| That both hyperconjugation and resonance stabilization 
(Table I) are important in lowering the activation energy 
for decomposition of azo compounds is also in support of a 
planar conformation. 

It seems that azo compounds are best suited for a 
systematic study of the stereochemistry of radicals ina 
solvent cage, on account of the fact that the two radicals 
are generated simultaneously in close Proximity. The 


reaction is free from induced decomposition (75), and other 


terse fre (eT) n@tttrogine: 


20 


a ie] 
= opt 


aytdm tx LOTG Seon nb, syfetia sah 
' 


70h 


inset ab=§ v"Bh19994 to ybnve 
aotl ime iis “sats led yr tee 


y tees Pons me. nokia cimosee |e 


a 


4 1 ard 


i 


sade off .chraqneedteco oto 7 


tdéé%2 ne foesd ec. oo 


NOESSP e832 6 oan 


+ >| ry ¥*). 4 { 0 
roan. tl * eS c 
< -_——_- 
H<«cH 
« 
, icrfoseqyn ort aeteedianrte 
4 4 i ‘te ¢ prt ¢ ofaveb 
it” tC J a 
nut eostwad- & , 2 ox TOW gat? yet. i 
a i 
d a a 
CL me Encixreo co hetucwem ; pe 
ogy 
\.-p.3 .vepusd 2a6fwomoe ef ae iru 


eds jas ett) 20) thud 


Riagyioviee sia of bov teade eign dag 
~4 < ae 

. (BT) shitohdee 

wy 


Ws 


pe 
7 


a) 


. . Li 
yt bas noitspuiadoteeyd Maem 


& 
© ae 
7 7 


viz) priaswol of ?ns3yveqHs Sed (a 
» ; iG * f = ral a 
is 8 2bavedqeoo Gas To Nees ISOS 
_ is 7 fi rh. a 
~ hob as o 
36d O75 2 Sarogmo> ox ts 
i 
{ 4 


ar o. at : a 


we ans 


2 ne 


mechanisms for decomposition appear to be absent. There 
are, however, a number of criticisms that might be made. 
Use of symmetrical azo compounds as used by Bartlett (37) 
and Greene (39) lead to complications. Since two optically 
active centres are involved, the products will inevitably 
be a mixture of diastereomers. These can often be very 
difficult to separate (37). While symmetrical tertiary 
substituted azo compounds have the advantage of being easy 
to prepare, free from side reactions such as isomerization 
to hydrazone, and decompose at relatively low temperatures, 
the size of the cage product can be very small (37). There 
is also the problem of interconversion of product 
diastereomers on attempted gas liquid chromatography (g.1.c.) 
separation (37). 

For these reasons, it seemed that an unsymmetrically 
disubstituted azo compound with one optically active centre 
would yield the best results. Only one coupling product 
will be formed within the solvent cage and this productwill, 


in general, be easy to isolate from any others formed. 
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SYNTHESIS AND DECOMPOSITION OF 


1,1'-DIPHENYL-1-METHYLAZOMETHANE, a 


The purpose of this work is to observe the stereo- 
chemistry of the product produced in the solvent cage by 
the combination of the radicals generated by the decompo- 
sition of an unsymmetrical azo compound. The unsymmetrical 
azo compound chosen should have one asymmetric centre and 
should decompose to give a coupling product in the solvent 
cage which should also be asymmetric. A further require- 
ment for the azo compound is that it should decompose at a 
convenient temperature. It should be reasonably easy to 
synthesize and the two alkyl groups should be sufficiently 
similar so that decomposition of the azo compound will take 
place with simultaneous fission of the two carbon-nitrogen 
bonds. 

It seemed that 1,1'-diphenyl-1l-methylazomethane 


possessed most of these features. 
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PROT Cone 
RESULTS 
Synthesis of 1,1'-Diphenyl-l-methylazomethane, 7 


This compound was synthesized by a modification of a 
method used by Seltzer (56). The reaction is outlined in 
Scheme V. 

Acetophenone ketazine, 1, was synthesized by dissol- 
ving stoichiometric amounts of hydrazine hydrate and aceto- 
phenone in ethanol and adding a few millilitres of acetic 
acid to catalyze ~the condensation. The reaction is 
exothermic and is complete in about two hours at room 
temperature, depositing bright yellow crystals of l. MThis 
compound was used directly without further recrystalliza- 
tion. 

Catalytic hydrogenation of 1 was carried out in ethyl. 
acetate using 5% palladium on charcoal and initial pressures 
of 20-30 p.s.i. of hydrogen. Uptake of hydrogen was usually 
very fast, one equivalent of hydrogen being taken up in ten 
to fifteen minutes. The resulting acetophenone o-phenyl- 
ethylhydrazone, 2, was not isolated. After removal of 
solvent, 2 was added to a stirred solution of oxalic acid 
dihydrate in 95% ethanol-ether. ol-Phenylethylhydrazine 
oxalate, 3, slowly separated as a white solid. Crude com- 
pound 3 was obtained in good yield and was used directly in 


the next step of the reaction sequence. 
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Scheme V 
ae 7e"5 ye 5 9 
H,4/5% Pd-— 
2 1°" + NH»NH>5 > jen | Bp ie ae rato 
CH3 CH3 CH3 
i 
la : 
COOH *2H.~O KOH 
—~CH-NH-N= be SAT 2 —~CHOND= 
CoH, CH Se N=C => CoH, iF NH NH, ¢ (COOH) 5 > 
CH3 CH3 CH3 
2 S 
Ce He -C=O H./5% Pd-c 
C,H, -CH-NH-NH. cones OS eB CeH,-CH-NH-N=cH-c,H, 12/°™ FAS 
CH3 © CH3 
4s 5 
H 02 C_-H_-CH-N=N-CH.-C-_H 
“ae 5 —_——_—> of. —¢ -N=N-CH,-C¢ 5 
CH3 CH3 
6 fe 
(COOH) 9 
C_-H_-CH-NH-NH-CH -C ¢H. (COOH) . 
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Basification of 3 was carried out by adding it slowly 
to a stirred 20% solution of potassium hydroxide. The 
reaction mixture was extracted with methylene chloride, and 
after removal of the solvent, the residue was distilled 
under reduced pressure to yield £-phenylethylhydrazine, 4, 
as a colorless liquid in good yield. The boiling point 
and refractive index were in agreement with those obtained 
previously for this compound (77). The n.m.r. spectrum 
obtained was consistent with the structure proposed for the 
compound. 

Rrcel Gistit lation Of 4, a quantity of higher boiling 
Material” remained” in the” pot: Distillation of this yielded 
a colorless, viscous liquid, which was identified as 1,2- 
di-ol-phenylethylhydrazine, 21, by the n.m.r. spectrum. 

Only a small amount of this material was obtained and this: 
shows that hydrogenation of the first double bond of 1 
proceeded at a much faster rate than the second one. 

Due to the ease of oxidation of 4, all operations in- 
volving it were carried out as much as possible under an 
atmosphere of nitrogen. 

Freshly distilled benzaldehyde was condensed with 4 
simply by stirring them together in 98% ethanol or anhydrous 
ether in the presence of anhydrous magnesium sulfate. After 
filtration to remove the drying agent and evaporation of the 


solvent, the product benzaldehyde o-phenylethylhydrazone, 5, 
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was obtained as a yellow oil. Compound 5 could be crystal- 
lized with some difficulty and in low yield from Skellysolve 
‘By? me ps 50-54°c. The n.mr. spectrum of the oil was iden- 
tical with that of the solid. This suggests that the oil 
is probably a mixture of syn- and anti- isomers. The n.m.r. 
spectrum of 5 was consistent with the structure proposed. 

Compound 5 could also be obtained directly from the 
reaction of methyl lithium with benzalazine. The n.m.r. 
spectrum was identical to that obtained by the method above. 
This had a single advantage in that 5 is obtained in a 
smaller number of steps. Unfortunately, it is difficult to 
obtain free from benzalazine. Therefore, the former method 
was used in subsequent syntheses. 

Compound 5, dissolved in 98% ethanol or anhydrous 
ether, was hydrogenated over 5% palladium on charcoal 
catalyst and at an initial pressure of hydrogen of 20-30 
p.s.i. Hydrogen uptake was fast and the reaction was 
usually complete in two or three hours. However, in order 
to ensure complete reaction of 5, the reaction time was 
extended to twelve hours. The product, 1-benzyl-2-d¢,- 
phenylethylhydrazine, 6, had to be handled carefully 
because of the ease of oxidation. Therefore, where pos- 
sible, manipulations involving 6 were carried out in an 
atmosphere of nitrogen. Compound 6 was distiived* under 


reduced pressure to yield a colorless viscous it quid - 
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SeaLed In Vials under, nutrogen,and, refrigerated, .6.showed 

a tendency to crystallize.;. However, no, solid, could,be 
misGuaGed..<atjroom tempexzature.j),The n.m.r. speqtrum,o£,.6 
was consistent with the structure, and showed no extraneous 
peaks. Compound 6 was assumed free of hydrazone on this 
basis”. Generally... Gewas stored either by ,sealing .in vials 
under vacuum Orareacting itwwith gxalic acid to form the 
Gealate scalt, .§. 

Because of the instability of 6, no attempt was made 
to obtain an elemental analysis. However, an attempt was 
made to obtain an elemental analysis on a derivative, 
1-benzyl-2-s-phenylethylhydrazine oxalate, 8. Unfortunate- 
ly, after repeated recrystallizations (m.p. 1835430) a 
satisfactory analysis could not be obtained to fit either 
a 1:1 base:acid or a 2:1 base:acid salt. The carbon and 
hydrogen analyses indicated a mixture of these two salts 
in the ratio of 2:1 respectively. This ratio was confirmed 
by the nitrogen analysis. Difficulty in obtaining a good 
elemental analysis for hydrazine oxalates has been ex- 
perienced by earlier workers (78 )is 

Oxidation of 6 to the corresponding azo compound, 
1,1'-diphenyl-l-methylazomethane, 7, was attempted using 
methods employed See M However, both silver 
nitrate and mercuric oxide gave mixtures of products. The 


greater part of these impurities was undoubtedly due to the 
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corresponding hydrazones, 5, and acetophenone benzyl- 
hydrazone, 9. Air oxidation has been used to synthesize 
-3,6-diphenyl-3,4,5,6-tetrahydropyridazine in a pure state 
(79), whereas traditional methods of oxidation yielded 
largely corresponding hydrazone (59). 

Oxidation was therefore carried out by passing oxygen 
into an ethereal solution of 6. After oxidation, the 
ethereal solution of the azo compound, 2 was extracted 
with water and dried. The solvent was removed on a rotary 
evaporator at reduced pressure. After several hours all 
traces of solvent had been removed, as checked by n.m.r. 

spectroscopy* andyrefractive’ index. ®* The. product;')7}*was 
a yellow oil. Attempts to recrystallize this failed. 
Since no purification of 7 was available, it was essential 
to make sure that the starting material was pure. For 

this reason, isolated 6 was not used to generate 7. In- 
stead 6 was generated from recrystallized 8 by treating 8 
with aqueous sodium or potassium bicarbonate and extracting 
6 into ether in which it was oxidized. The purity of 7 was 
checked by n.m.r. spectroscopy. The spectrum, which con- 
Poent to the structure proposed for 7, had no extraneous 
peaks, particularly in the region expected for hydrazone. 
The ultraviolet (u.v.) spectrum had an absorption in the 
expected region, namely 3600°A (€=50). However, a second 


absorption at 2800-3000°A was observed which was attributed 
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to the hydrazones, 5 and 9. The expected extinction co- 
efficient for these is in the neighborhood of 15000 (79). 
Based on this estimated extinction coefficient, the azo 
compound 7 contained less than 1% of the hydrazones. A 
satisfactory elemental analysis was also obtained for 7. 

Compound 7 was found to be very sensitive and 
deteriorated rapidly, particularly at room temperature. 
Samples could, however, be Etared for a week or longer, in 
the refrigerator without serious deterioration. This 
déterioratron,was. bel reved®toeberduemto! rearrangement “of®7 
to the corresponding hydrazones 5 and 9. This rearrange- 
ment can be*catalyzed by acid; base and'light. . Theréfore, 
apparatus used during and after the oxidation step was 
carefully neutralized and wrapped with aluminum foil to 
exclude light. 

Anhydrous magnesium sulfate used as a drying agent for 
ethereal solutions of 7 caused isomerization to hydrazone 
in a few minutes. Fortunately, sodium or potassium carbon- 
ate could be used for this purpose without appreciable 
isomerisation. Attempts to purify contaminated samples of 
Weusing a short column of alumina resulted in recovery of 7 
of about the same degree of impurity. This contrasts with 
the behavior of l-ethyl-1-phenyl-1'-methylazoethane which 
could be separated from the corresponding hydrazone by 


elution from an alumina column (81). 
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Resolution of 6 

Resolution of 6 was achieved by formation and 
fractional crystallization of the camphorate salt froma 
solvent mixture of ethyl acetate-dioxane. After three or 
Poa CeChLYstallizations resulting in a 15% yield of resolved 
salt, the specific rotation did not change appreciably and 
any Change observed was as a result of error’ due’ ‘to the 
small observed rotation. This will be appreciated if it is 
Bommcea oul that the specific rotation of the salt at this 
stage is cele = -2.5°. Hence any small amount of optical- 
Mmeeetrve. Impurity, ©€.9., 4220 compound, can erfect "the 
rotation considerably. This resulted in rotations of 903 
to -4.5°being recorded for salt from the same recrystal- 


eezZatron . 


Synthesis of (-)-7 

Optically active compound 7 was generated directly 
from the camphorate salt. This was done in the same manner 
as when racemic azo compound was obtained from oxalate salt, 
8. Optical rotation of (-)-7 was taken, Rage Sa 
fc 25i\0.nbenzene),. 


The optical rotary dispersion (0,. Li... iSpPectruunm was 


measured and conformed to the typical Cotton curve. 
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Determination of optical purity of (-)-7 


It was necessary that the optical purity of azo com- 
pound 7 be known, in order to assess the stereochemical 
course of its decomposition to coupling product 13. 

PnP Order,. tasting the once. purity, an approach which 
is often used is to synthesize the azo compound from a 
precursor whose optical purity is known. This synthesis 
ideally should not involve any step in which racemization 
of the optically active centre is possible. Such a syn- 
bieawrc sequence fer (-)-7 is outlined »ing Scheme VI. 

o&-Phenylethylamine, 10, was resolved by the method of 
Thielacker (86). On hydrolysis of the tartrate salt, (-)-10 
was recovered 95% optically pure, pled es a ae 

Amination of the amine was carried out by the method 
of Gosl and Meuwsen (82). This involved treating a three- 
fold excess of (-)-10 with hydroxylamine-O-sulfonic acid 
which yielded the &-phenylethylhydrazine, (-)-4. The 
reaction did not work as well as for those reported for 
other substrates. However, amination of benzylic amines 
has not been reported. Due to the fact that a large excess 
of amine must be used in these reactions, the unreacted 
(-)-10 was separated from (-)-4 by fractional distillation 
and subjected to the pecrion agaan. Three cycles of the 
amine were required to obtain a 10% yield of (-)-4. The 


foanex: spectrum of (-)-4 was identical with that obtained 
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for racemic 4. 

The hydrazone, (-)-5, was prepared as reported for 
‘racemic 5. Previously, this was hydrogenated to (-)-6. 
The rotation of (-)-6 was taken neat and found to be 
fee = -36.34 (neat, 1 dm). This compares with a rotation 
of ol 2° = -50.5 obtained for (-)-6 as isolated from an 
optical Be aid experiment. These figures must be 
treated cautiously, however, since 6 is very sensitive to 
air oxidation, so that the difference in the rotations 
could be due, to a large extent, to varying degrees of 
oxidation of 6. 

Oxidation of (-)-6 resulted in an impure sample of 
(-)-7, which contained an estimated 7% of hydrazone based 
on the u.v. spectrum assuming an extinction coefficient of 
15000. The rotation of the sample was taken, however, and 
was found to be: [ot ]3° =J-1060%e (ca5aznchloqréform) andEven 
considering the impurity, this falls far short of the 
rotation obtained by resolution. 

It was suspected that racemization might be occurring 
during the hydrogenation step. Therefore, the experiment 
was repeated using diisobutylaluminum hydride to effect 
the reduction of (-)-5 to (3) —G- Compound (-)-6 was not 
isolated, but was converted to (-)-8. The yield of (-)-8 
obtained was poor (30%). Hydrolysis of (-)-8 followed by 


oxidation yielded (-)-7, [ot] 2> = -139.82 (¢ 1.36, benzene). 


pEtOUS.A & 
os DSsE nsgotkyet 8 
ae 
+ DA russ Sean, ne fF 2pswv a~f- } 30 wos at 
a 
s odiw ‘‘saneo-2inT . Gah tr, tran) SE, 
7A, @ 
7 _ < - 
nowt fodistor’ we a=(—-) x62 benistde tae 
f +npm sauurpst seadt Preanrht aque lalate 
re je pes a 312 yovewod ya, 
: + le ri @) 
sitetor eddy at soneteti1b ofs gent ae 
a 
Tesh prLytsy ot; {3neixs 2B gi 6 0s sb 
ie ivy oa ; 
a wt al : 
{ iS: rtf Ch 5 1 f 7 ee Po  * {- j 20 notsebhi 
es = 
dhcexbud to &Y betsuisges de beateses toy hte 
tenbtee oS pnlivegs Sz Bide 
: ts 
tsveawed ,netss ssw slowse of) Zo te 
; ses 
toxelifo, ¥.2\3), V.808= = va 
y sofe ter 2ifst aftr .yvite 
nottuleoesy Yt hort 
x 5 of gipin apoiissd 4o9e% sar3 beroe: atiy 
> 3 
+nomixegxe ‘eft ,siotetettT .«qete rots euopi ‘ 
sa < 
iosiits oF Beit mininnieLvIndoektD B 
a ehh ae 9 
ton esw a=(-) Rives oqmne’3 B= (+). age me 20.8 
| m 
B-(-) 20 Bisiy ont -3=(> ‘) ot vases wie eae 
| a Mere vs 
a pawol Lot B- (+). ie aig (ROE), x 
, (anon S sadh t. tah a CE D4 
J ate 
eee By ir 
Pi i ye ie 
\ Nj 
Ves pe 1s 


» 


hexaqorg BAW 2=-(-) 
gw eid qisugtvet a 


ySHOSe 3 ve 7 
> 
= 


mA. 


KU 


or 


2 > = 


The u.v. spectrum showed that 5 and 9 were present in 
negligible amounts. However, the n.m.r. spectrum showed 
‘that about 74% of the material was (-)-4. By correcting 
for. this and correcting for the fact that (-)-10 was not 
optically pure, the rotation of optically pure (-)-7 would 
be [oe] 3° = -156°. This is not significantly different 
from the optical rotation obtained by optical resolution. 
A second approach was used to determine the optical 
purity of (-)-7. This was to degrade (-)-7 to a simpler 
2a SO (-)-10, whose maximum optical rotation is known. 
Degradation of (-)-7 to (-)-10 gave an anomalous 
result. (-)-7 of maximum rotation was hydrogenolyzed over 
Raney nickel. Uptake of the first equivalent of hydrogen 
was fast while it took several days for uptake of the 
second equivalent. The products of the hydrogenolysis 
were analyzed by gas liquid chromatography (g.l.c.) and 
were found to be mainly od-phenylethylamine and benzyl- 
amine with small amounts of two other products whose 
retention times corresponded to toluene and ethylbenzene. 
The two peaks corresponding to the amines were overlapped 
considerably. The best separation was achieved using an 
SF 96 Column. Under the best conditions with this column, 
two passes through the column were necessary before (-)-10 
was obtained free of benzylamine. The optical rotation of 


(-)-10 was taken, [ol 25 = -31.P(¢ 5.4, dioxane). This 
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was equivalent to about 80% optical purity for (-)-7. 
Since optical purity was approximately 100% as determined 
by synthesis, it would appear that some racemization must 
have occurred with this method. Racemization could have 
occurred by isomerization of the azo compound on the nickel 
Gatalyst to-nydrazone, 9, prior to reduction to {(-)-6. 

The possibility of racemization of (-)-10 was inves- 
tigated sby,.subjecting,1t to .the..reaction conditions. .,How- 
ver athe, Op.bical rotation. of;)(.) +10 «aften the experi ment 


was the same as before. 


Synthesis of hydrocarbon coupling products 


Decomposition of 7 was expected to give rise to a 
number of hydrocarbon coupling products. Since 7 decom- 
poses to a benzyl and an d-phenylethyl radical, random 
coupling of radicals would give rise to bibenzyl, 1,2- 
diphenylpropane and meso- and dl-2,3-diphenylbutane. Bi- 
benzyl is available commercially. However, it was 
necessary to have authentic samples of the other three: 


Their syntheses are described below. 


dl-1,2-Diphenylpropane, 13 


—_— 


Method A 
This was synthesized as shown in Scheme VII. 
Deoxybenzoin was treated with methyl magnesium iodide. 


After neutralization of the reaction mixture with ammonium 
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chloride solution, the crude alcohol, 1,2-diphenyl-2-pro- 
panol; ll; was ‘distilled. On distillation, 11 eliminated 
‘the elements of water, probably due to the presence of 
iodine, and 1,2-diphenyl-l-propene, 12, was formed. The 
distillate immediately solidified and was recrystallized 
from methanol: 

an eee 12 was hydrogenated over 5% palladium on 
charcoal catalyst. Uptake of hydrogen was fast and one 
equivalent of hydrogen was taken up on less than one hour. 
On evaporation of the solvent, the residue distilled over 
@aaracacolorless biquidienThbs was ridentifredsasnl y2—di- 
phenylpropane by its n.m.r. spectrum and by comparison of 


its refractive index with that reported (83). 


Scheme VII 
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Method B 


In order to obtain 13 optically pure, it was necessary 
to start with an optically pure precursor. This precursor 
was 2,3-diphenylpropionic acid, 15. The reaction sequence 
from this compound is outlined in Scheme VIII. The reaction 
sequence was tested first on racemic 15. 

A-Phenylcinnamic acid, 14, was synthesized in good 
yield as a mixture of cis and trans isomers, from phenyl- 
acetic acid and benzaldehyde by the Perkin reaction (84). 

Compound 14 was hydrogenated over 5% palladium on 
charcoal and one equivalent of hydrogen was taken up in 
about two hours. After removal of solvent, crude dl-2,3- 
diphenylpropionic acid, 15,-was recrystallized from hexane. 
The n.m.r. spectrum of this compound was consistent with 
fees proposed structure. Its melting point also coincided 
with that reported for this compound. 

Compound 15 was reduced using lithium aluminum hydride 
in anhydrous ether. The reaction mixture was heated under 
reflux overnight. After the aluminum complex was broken 
up and solvent removed the crude 2,3-diphenyl-l-propanol, 
16, was isolated by distillation under reduced pressure to 
yield a very viscous, colorless liquid. 

The structure of 16 was confirmed by the n.m.r. 
spectrum and the coincidence of the refractive index and 


boiling point with those reported for this compound (oo), 
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Scheme VIII 
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Sulfonation of 16 was carried out by addition of 
p-toluenesulfonyl chloride in pyridine to an ice cold 
solution of the alcohol in pyridine. After normal work-up, 
a white cyrstalline solid was obtained which was identified 
as 2,3-diphenyl-l-propyl .p-toluenesulfonate, 17, by its 
Rot. Spectrum. 

An .ethereal ;solution.o£ the.tosylate ulipwasatneated 
with excess lithium aluminum hydride and the reaction 
mixture was heated under reflux for=a prolonged period. 
ALter destrovingsthe.-excesshydride..and-—evaporating the 
solvent, the residue was found to be composed entirely of 
femieo.t.c. dnalysis. Ine n.m.r.. spectrum anderefractive 


index were identical to those obtained by Method A. 


Stereospecific Synthesis of R-(-)-13 

The oc as step in the stereospecific synthesis of 
R-(-)-13 was the resolution of the acid 15. This was 
carried out by the method of Pettersson (91)*. . From the 
resolution, (-)-15 was isolated optically pure as deter- 
mined by Pettersson. This material had a rotation of 
lo }*° ee a (c 0.62, acetone). The rest of the 
synthesis was carried out as described for the racemic 
material. The optical rotations of the intermediate com- 
pounds are shown on Scheme VI Line. 1soO lation of.) 13 was 


carried out by preparative g.l.c.. The rotation of (-)-13 
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was Eales = ~80.51° (c 8.67, chloroform). A second 
synthesis of (-)-13 by the same route yielded material of 
the same rotation, [ot] 25 = -80.5 (c 3.2, chloroform). 
(-)-13 had an identical n.m.r. spectrum to that obtained by 
Method A. It showed no extraneous peaks either in the 
n.m.r. spectrum or in g.1l. chromatogram. The refractive 
index agreed well with those reported by Method A and by 


previous workers (83). 


In order to know whether decomposition of (-)-7 has 
taken place with retention or inversion of configuration 
it is necessary to know the absolute configurations of 
(-)-7 and of (-)-13. In Scheme VI, the absolute confi- 
Peetlon of (-)-7 is*related: to. that Of4(-)-10. The latter 
has been shown by Leithe (87) to have the S configuration. 
Therefore, (-)-7 will also have the S configuration. 

The work of Barnes and Juliano (88) and Sullivan and 
coworkers (89) has related the configuration of (-)-13 with 
that of hydratropic acid. This is shown in Scheme IX. 
(-)-13 is shown to have the R configuration since (+)- 
hydratropic acid is known to have the S configuration (90). 

Included also in this scheme is the synthesis of the 
(+)-isomer. This synthesis, after a certain point, is 


similar to the one employed in this work. Comparison of 
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rotations for intermediate compounds, although not always 
in the same solvents, is of interest and will be discussed 
later. 

The absolute configuration of (-)-15, had been 
assigned as R by Pettersson on the basis of the method of 
pseudo-racemates, and on the change of rotation with change 
of solvent (92). The synthesis, therefore, of (-)-13 from 
(-)-15 establishes the absolute configuration of (-)-15 and 
Droves) Fettersson's assignment to be correct. 

Decomposition of (-)-7 is shown in Scheme X as pro- 
ceeding with retention of configuration. If retention of 


configuration then takes place, the isolated hydrocarbon 


should have a negative rotation. 


Scheme X 
C6H5 ae C6H 
_C-N=N-CH,-C;-H. -—~> ye *CHoCeH. > _€-CH5-CeHe 
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Synthesis of meso- and dl-2,3-diphenylbutanes, L9-and 20 

The symmetrical coupling products resulting from the 

coupling of two ol-phenylethyl radicals generated in the 
7 are meso- and dl-2,3-diphenylbutane, ped. 


decomposition of 


and 20. The syntheses of these have been reported previously 
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by Barber, Stack and Woolman (93). ol-Phenylethyl chloride 
was coupled using magnesium in anhydrous ether, and the 
mixture of 19 and 20 formed was separated by fractional 
crystallization. These two compounds gave n.m.r. spectra 


which were consistent with their structures. 


Kinetics of decomposition of 7 

The decomposition of azo compounds is known to follow 
first order kinetics by a large number of studies. A 
number of studies have shown that these compounds are also 
free from induced decomposition (75). However, secondary 
and primary azo compounds are known to rearrange as well 
as decompose. Cohen and Zand (94) have pointed out that 
1,1'-dimethylazoethane undergoes rearrangement to acetone 
Bete soy hyarazoné and Williams and Lawrence (51) observed 
isomerization in the decomposition of 1,1'-diphenylazo- 
Metndaie. Lt is not surprising, therefore, that) 7 should 
undergo a similar rearrangement under the conditions of the 
decomposition. The driving force for such a rearrangement 
must be the greater stability of the benzylic hydrazones. 
Pieactual fact, 7 was never synthesized entirely free: from 
these hydrazones. Since there is no purification process 
available for this compound, the only approach that could 


be taken was to synthesize the azo compound as carefully as 


possible. 
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Several methods of measuring the kinetics of decom- 

- position were attempted before one which was satisfactory 
was found. Measurement of the rate of decomposition was 
attempted using n.m.r. spectroscopy. The methylene and 
methine peak in, the n.m.r..spectrum.of 7 were well removed 
from the area of the spectrum where peaks due to products 
were expected. Disappearance of these peaks could be 
followed. This method of following the decomposition was 
abandoned because a large number of readings could not be 
taken due to the large time lapse, when the spectra were 
being run. Secondly, the accuracy with which the measure- 
ments could be made was not as high as was desired. 

Disappearance of azo compound has been followed by 
observing the disappearance of the absorption due to the 
nitrogen-nitrogen double bond in the u.v. spectrum (S45 50.. 
A trial run of this method was fruitless because as 
hydrazone was formed, the intense absorption due to it 
overlapped the absorption due to the azo compound, so that 
little change was observed in the intensity of the ab- 
sorption with time. 

The method most frequently used to measure the rate 
of decomposition of azo compounds is to follow the rate of 
evolution of nitrogen. This can be done by observing 
either the volume change or the pressure change. 


Utilization of volume change with nitrogen evolution proved 
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the most satisfactory. 
Early attempts to calculate the rate constant for 


decomposition by plotting log (V,-V,) versus time revealed 


a curvature in the plot. This was particularly true at 
times greater than one half life. This would seem to be 
.due to formation of the hydrazone with autocatalysis. It 


1s essential, therefore, that the initial rate of decom- 
Doeasron be calculated. It is: necessary that the equip- 
ment be such that thermal equilibration be fast. The 
apparatus had to be constructed so that "dead space" within 
the apparatus be eliminated as far as possible. This was 
achieved by using capillary tubing.where possible. 

Typical results obtained from these experiments are 
included :-in Tables III and IV, and graphical plots are 
shown in Figures I and II. 

The results obtained in the measurement of the rates 
of decomposition at two temperatures are shown in Table V. 
From these results, the activation parameters were cal- 


culated in the usual way (95). 
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TABLE III 


Rate Data for the Decomposition of 
1,1'-Diphenyl-l-methylazomethane, 7 


Temperature = 106.0°C Solvent: Cumene 


(Vog - Vo) calculated = 16-30 ml 


ae (Vio -Ve) (Vis -Vg) kg. 
log (+= ma | 
seconds hi ores (Vea -V,) sec 
1000 16.15 0.0040 
2800 15.95 0.0094 
5000 eeey, 0.0200 
8200 15.30 0.0275 
12000 14.85 0.0405 8.05 x 10. 
18200 14.10 0.0630 
24000 P3047 0.0828 
30100 12.85 0.1033 
39600 11.95 0.1349 
50200 11.15 0.1649 
86800 8.85 0.2653 
92200 8.60 i 0.2777 
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TABLE IV 
Rate Data for the Decomposition of 
1,1'-Diphenyl-l-methylazomethane, 7 


Temperature P2729 °C Solvent: Cumene 


(Veo -Vo) calculated = 11-45 ml 


Time, (Vo, =Vi)% ee (Voo -V;) kg. 
seconds millitres (Vog -V,) sec” 
250 Vi bed Obs, O20 Los 
650 10.40 0.0418 
1050 9.7/0 0.0720 
1450 9.20 0.0950 
£850. 8.65 0.1218 5 oy me a 
2250 Guess 0.1423 
2850 (EAI AY, On L723 
3450 7220 Oez2uls 
4050 6.65 0.2360 
4750 Gareu Se Ee hs 
5450 OU) 0.3106 
6550 4.90 0.3686 
7650 4.30 0.4253 
8750 2G eye) | 0.4733 
10050 S45 0.5210 
11450 20) 0.5964 
35000 (©) semi) 
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TABLE V 


Rates of Decomposition of 7 in Cumene 


Temp... IG Conc., M Moles No * k x 10©, sec71 
106.0 0.084 Sis te | 8.84 
O.55 0.69 Geo 
igh oS UsO7 2 Py) 
LP ore Oats ou 124 
O71S 0.83 120 
OFES 0.86 LP) 


* Moles Ny per mole of 4 


+ 
At 106°C AH = 35.9 + 1.0 kcal/mole, 
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PRODUCT ANALYSIS 

In order to determine the products formed in the decom- 
-position of 7, 2 g of it were heated in refluxing ethyl- 
benzene for forty hours. After evaporation of most of the 
solvent, the residue was analyzed by g.l.c. (SF 96 column). 
Four products eluted at high retention times and these were 
identified as being bibenzyl, dl-2,3-diphenylpropane, 13, 
dl1-2,3-diphenylbutane, 20, and meso-2,3-diphenylbutane, 19, 
by comparison with the retention times of the authentic 
materials. 

Decomposition of a sample of 7 in benzene for a 
relatively short time of sixteen hours at 106°C revealed on 
analysis that styrene, toluene and ethylbenzene were also 
products of the decomposition but were present in much 
smaller amounts than the coupling products. 

Notable quantities of two other products were observed 
in early runs. These had retention times intermediate be- 
tween bibenzyl and styrene. These peaks "tailed" consider- 
ably on the chromatogram and were, therefore, probably 
polar in nature. Comparison of the retention times of 
these two products with those of &-phenylethanol and 
benzyl alcohol, indicated that these were the probable pro- 
ducts. These peaks persisted when the samples were de- 
gassed and when 7 was decomposed in the injection port of 


the chromatograph. This would seem to eliminate molecular 
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oxygen as the source of these products. However, these 
samples of 7 were found to have hydrogen peroxide present 
-aS an impurity. This was known to be formed on air 
oxidation of hydrazobenzene (96). Its presence was noted 
because (a) the sample evolved a gas on addition of 
platinum black and (b) formed iodine on treatment with 
potassium iodide. When the ethereal solution of 7 was 
extracted with water in order to remove hydrogen peroxide, 
these products were minimized but not totally eliminated. 

Retention times by themselves are not definitive proof 
of the presence of the expected products. Therefore, 
separation of the components of the mixture was carried out 
by column chromatography. Separation of the components was 
Burricientlyigoodiso that 20, 19 and 13 were’ isolated from 
G@arfterent:ifraetions and identified by theirgn.m.r. spectra. 
No bibenzyl was identified in this separation. However, 
g.l.c. analysis showed that it was present in the mixture 
in low concentration. A crystalline solid was obtained in 
aelater fraction, }but in too small a quantity to identify 
mee tts n.m.r. spectrum. 

A quantitative study was made of the product distri- 
bution. The results can be seen in Table VI. The samples 
were prepared by dissolving 7 in purified benzene. This 
solution was then placed in tubes which were degassed to 


1 and sealed under vacuum. These were then decomposed at 
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the desired temperature for at least six half lives and the 
resulting product mixture determined by g.l.c. analysis. 
‘As can be seen from Table VI, the product mixture shows 

a concentration dependence. This will be discussed later. 
Unfortunately, at lower concentrations of 7, it was not 
possible to estimate the relative amounts of toluene and 
siege nce nie to coupling products, because the solvent peak 
on the chromatogram was so broad. However, at higher 
concentrations of. 7.in,benzene,, the amount.of,these lower 
boiling products would seem to be 20% or less. It should 
be pointed out that when the reaction is run to completion, 
Jit tle.or,no.styrene.is observed....This.is.not surprising 
Sincemsufficient time is available. for..the, styrene, to.have 


undergone polymerization. 


Decomposition of 7 in the presence of butanethiol 


Since the main purpose of this work was to determine 


the stereochemistry of the coupling product, J3; whichis 
formed in the solvent cage, it was necessary to prevent 
the formation of this compound outside the cage. In order 
to stop radical-radical reactions outside the cage, it was 
necessary to add a radical scavenger. Such a scavenger 
should be sufficiently reactive to trap all radicals which 
would escape from the solvent cage, but not so reactive 


that it would interfere with radicals in the solvent cage. 
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' Another important property of the scavenger should be its 
ability to react irreversibly with the radicals. 
Butanethiol seemed a good choice since it was known 
to react with polystyryl radicals one hundred thousand 
times more readily than cumene does (97). Since the rate 
of abstraction of a hydrogen atom from a thiol by a benzyl 
rae 102 ml sec7t 


radical is known to be in the range 10 
(98), butanethiol can not compete with coupling in the 
solventecage -onThe complete absence of rbibenzyly 19Jand 20 
Brom the sproducts.of othe decomposition yof 77 intthetpresence 
of butanethiol demonstrates that it is efficiently 
scavenging the radicals which escape the cage. 

Butanethiol acts as a scavenger by donating hydrogen 
atoms to ol-phenylethyl and benzyl radicals which escape 
‘romtthe cage, yielding ethylbenzene and toluene as 
products. 

A comparison of the relative quantities of ethyl- 
benzene and toluene with that of 13 formed in the decom- 
position of 7 in the presence of butanethiol is a measure 
of the cage effect. These experiments will be discussed 


later in greater detail. 


Decompositions of (-)-7 
These were carried out in various solvents and at 


different temperatures. Generally, these experiments were 


| ‘ : y fae yy : 
; Py ae a Wa 
efi 98 Susie Nera me, ae sae to yst pose Jxcqm. 
aA 7 
. sfsoiben oe ee Mdbeweversi goes? 
| x nite er, 


Pe 
a" 


w +i oun shbed>-. Bosp’s bensea Lont 
1% herbed sno eiéoabet iayincieg 4 :; 
re iM re) agph strate? test wit a 

loidd 6 M2 #OtE oopothydt & Be 0! 
=H Se “At spnink 33 ai od oF ae 


+ ai entiques meiw Steqes +00 th? teiie 
Sle 


hn, 


§ to ners rtoqronss aif io Siognerg ot 


=r \ m4 % s be 
ns Na 
, oe bo i" 7 ; 
» = M % ‘ * 2 “a —— 7 ‘4 ah 
se at af #ed¢ cetsit 2 eagre ob . pores Ze 
- Pa 
ook 


ape, Vas eqeces t oie 2taohbes ead 


= {\ 


i efeoter Iyened bOn6 yininaaaal 
- oe | 
ed ate 
7 


«se onsiilos Bas snssitadiydes ecg bteky 44 

lf 1 ? m a 4 

= o iw 

. 7 eth 

fodts to seid iiasep svete.at oft to arto qne 
Lin 

ronab srg nk ‘beat oF €£ to t8a3 ci oe steht 


syuceon 6 si Lotbaioga aetud 3 


dF ee 


carried out in the following manner. About 1 g of optical- 
ly pure (-)-7, lo] 3° = -152°, was dissolved in 50 ml of 
solvent. This solution was.placed.inea;,75_ml stainless 
steel bomb, flushed with nitrogen and sealed. The decom- 
position was carried out at the desired temperature for at 
beast six half lives. On conclusion of the decomposition 
the solvent was evaporated and the coupling product 13 
isolated. The isolation of 13 was accomplished sometimes 
by column chromatography followed by preparative g.l.c. and 
sometimes by g.l.¢. only. Occasionally, it was necessary 
to make a second pass of the hydrocarbon through the 
chromatograph in order to get the desired degree of purity. 
Sufficient hydrocarbon was isolated in all cases in order 
EPovobteinethe rotation -of 13. gThe isolatedghydrocarbon, 13 
was found to be largely racemic. It did have, however, a 
negative.optical; rotation. This corresponds to net 
retention of configuration as shown in Scheme X. Details 


of the decomposition of (-)-7 are shown in Table VII. 


Control Experiments 


Since the hydrocarbon, 13, isolated from the decom- 
position of (-)-7 was almost 90% racemic, it was necessary 
to know if this racemization was due entirely to loss of 
asymmetry on the part of the o -phenylethyl radical in the 


solvent cage, or whether some other processes were going on 
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TABLE VII 
Stereochemistry of (-)-13 from 


the Decomposition of S-(-)-7 


Solvent eee) iva 1tCqHegSH %: [ot |*?**, Retention, 
i M M D 9, 
Benzene L32 0.23 0 - 3.28 4.1 
ts 2 O12 1.7 - 9.29 i his 
110 0.082 0 - 4,49 ao 
110 OWl3 ez - 8.27 LOs3 
110 Sed 4.8 -13.5 Los 
Butanethiol 110 oeL9 Sir S) et BE PS, Tae 
132 0.14 9.3 ee bey 14.5 
Chlorobenzene 107 oe) 0 - 6.60 SB. 2 
ft OF Agee ae -11.5 TES tale 
Cyclohexane a) 0.089 0 - 5.10 eel 
1S 0.089 veo - 8.8 10.9 


* Not corrected for volume expansion 


** Rotation of R-(-)-13 taken in chloroform, ¢ 1-5 
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which could racemize either the starting azo compound or 
the product hydrocarbon. 

The most probable route by which these compounds could 
be racemized is by abstraction of a hydrogen atom from 


(-)-7 or (-)-13 by a thiyl radical as shown in the equations 


below. 


[15] ies C¢H,-C-N=N-CH,-C(He sition 3 pt) 


CH3 


RS - : RS-H 
[16] (-)-13 ——> C,H, -C-CH,-C,H, ————> (+) -13 


The radicals generated could react with a molecule of thiol 
to give racemized starting material or product. 

That such a process is possible is supported by the 
findings of Bickel and Kooyman (99). They found that 
acetophenone azine is generated when 1,1'-diphenylazo- 
ethane is decomposed in the presence of octanethiol. The 
most probable route for the formation of this compound is 
successive hydrogen abstractions from the starting material. 
It is also supported by the finding that a yellow compound 
with a slightly longer retention time than the coupling 
product 13 is observed on the g.l.c..chromatogram when 7 
is decomposed in the presence of butanethiol. This com- 


pound has not been identified. However, it is possible 
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that it is the mixed azine, acetophenone benzaldehyde azine. 


Control experiment on (-)-13 

In order to carry this experiment out, it was necessary 
to generate butanethiyl radicals in the presence of (-)-13 
under conditions which resemble, as closely as possible, 
those in which (-)-13 is formed from (-)-7 in butanethiol 
solution. Therefore, a compound was sought which would 
generate radicals at about the same rate as 7. 1,1'-Di- 
phenyl-l-methylazomethane, 22, was the closest to the ideal 
that could be obtained conveniently. This compound was 
synthesized by the method of Seltzer (55) except for the 
oxidation step which was carried out by the oxygenation 
technique already described. 

Therefore, 22 was aaron in butanethiol in which 
optically pure (-)-13, [a ]*° = -80.5°, had been added. 
The ol-phenylethyl radicals abstracted hydrogen atoms from 
the butanethiol to yield the thiyl radicals. After decom- 
posing 22 for approximately ten half-lives, (-)-13 was 
isolated and its rotation taken, [x] * = -64.1°. This 


represents 20% racemization of the product. 


Control experiment on (-)-7 


ha S 
Azo compound, (-)-7, [a]? = 152° was heated in 
butanethiol for five hours at 110°c.... Im order to, recover 


(-)-7 from the reaction mixture, it was reduced to (-)-6 
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with diimide. Diimide was chosen as the reducing agent, 
since it was known to reduce non-polar bonds faster than 
polar bonds (100). This was an advantage since reduction 
of the hydrazones and the azine would give racemized pro- 
duct. (-)-6 was extracted from the reaction mixture with 
dilute sulfuric acid, which was then basified and 6 
extracted into ether solution. The ethereal solution was 
then oxygenated to yield azo compound, ole te again. 

An nom.r. spectrum of the product showed it to be a 
mixture of 71% of (-)-7 and 29% of the hydrazone, 5. The 
rotation of the mixture was le |?” = -101.4°. The rotation 
of azo compound was calculated on the basis of 5 being 
optically pure and the corrected rotation was fot |?” = 
-114°. This corresponds to 24% racemization of (-)-7. 

The hydrocarbon, (-)-13, recovered had a rotation of 
[wt ]°° = -~13.93°, which was the same as the rotation ob- 
tained after 100% reaction. 

The results of these control experiments indicate that 
while some racemization observed in the recovered hydro- 
carbon, (-)-13, may be due to racemization of the starting 
material, (-)-7, before decomposition, and of the hydro- 
carbon, (-)-13, after its formation, most of the 
racemization is due to loss of asymmetry on the part of 


the ol-phenylethyl radical through rotation in the solvent 


cage. 
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- 69. . 
DISCUSSION 


Synthesis of azo compound 7 was straightforward and 
presented no difficulties. However, the chief problem was 
in obtaining 7 pure, as no purification process was avail- 
eoeee Lt was hoped’ that / would bea ‘solid as 1, 1'-di- 
Poeiysaz0ethare, 22, 1S-a Solid melting at 72 and 
1,i'-diphenylazomethane is a solid, m.p. 30°. The more 
unsymmetrical 7 would’ be expected to have a lower melting 
PomaiiaLidioas. ALLeMpts tox obtain 7 as av solid at Jow 
temperatures failed. 

Pielemuc Nosevyinence win the literature thats 22 
undergoes any isomerization to acetophenone 2«-phenyl- 
ethylhydrazone. However, 1,1'-diphenylazomethane Ls 
reported to undergo extensive isomerization (51). It 
would appear, therefore, that isomerization in 7 would be 
more likely to occur toward the benzyl group than the 
ol-phenylethyl group. 

Due to the fact that no purification process is 
available, great care was taken to eliminate any impurities 
in its synthesis. Glassware was neutralized and the 
ethereal solution of 6 was kept under an atmosphere of 
nitrogen until transfer to the oxygenation flask had taken 
place. 

Since Woodward-Hoffman rules predict that 1,3 sigma- 


Propic shirts can be effected photolytically (101), flasks 
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containing 7 were wrapped in aluminum foil. 

The yields of nitrogen observed in the decomposition 
of 7 (Table VI) show the extent to which isomerization to 
hydrazone was occurring. Isomerization seems to have been 
much more important at the lower temperature than at the 
higher, since yields of nitrogen at these temperatures 
were 65% and 85%, respectively. Examination of the 
graphical plots in Figures I and II shows that deviation 
from linearity is much less at the higher temperature and 
Mero me vIOeng Until much later in the Kinetic run. 

The deviation from linearity in the graphical plots 
of log (Vio =) versus time shows that the isomerization is 
Horeoceurring solely by a, first order kinetic mechanism, 
since with such a mechanism the data would still give a 
finesr plot. Therefore, it would appear that the, isomeri— 
zation may be autocatalytic. No simple kinetic equation 
can be applied to the data that would make a correction 
for this. Therefore, value of (Vg -Vo) was calculated in 
order that the rate may be calculated from the initial 
slope. 

From Table I, it can be seen that the activation 
energies for the decomposition of 1,1'-diphenylazomethane 
and 1.1'-diphenylazoethane - 36 and 32.6 kcal/mole, 
respectively. If decomposition of both is ‘a concerted 


process, then there is a lowering of the activation energy 
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of 1.7 kcal per methyl group on the x-carbons. From this 
the activation energy for the decomposition of 7 would be 
-expected to be 34.3 kcal/mole. 

Due to the difficulty of obtaining as good values for 
the rate constants as would otherwise be expected, the 
accuracy of the activation nine Wee are less certain. A 
value for the activation energy of 35.9 + 1.0 kcal was ob- 
tained. This is somewhat higher than expected. However, 
the value of 36 kcal for the activation energy for the 
decomposition of 1,1'-diphenylazomethane might also be in 
error since extensive rearrangement also occurs in that 
system (51). 

The enthalpy of activation is, however, sufficiently 
different from that obtained for the decomposition of 1,1l'- 
diphenylazoethane to support the hypothesis of simultaneous 
two bond cleavage for the decomposition of azo compound 
7, otherwise an enthalpy close to 32.6 kcal would have been 
expected. 

The decomposition of of -phenylethylazoisopropane was 
oe by Seltzer to involve a concerted mechanism. It 
ee easduabie to expect that 7 will also undergo a concer- 
ted decomposition since there is less difference in sta- 
bility between M&-phenylethyl and benzyl radicals than 


between -phenylethyl radicals and isopropyl radicals. 
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Mechanism of product formation 


Product analysis has shown that all the expected 
‘products of the decomposition of 7 were obtained. The 
mechanism by which these products arise is shown in Scheme 
xT. 

Equation (1) of this ere shows the simultaneous 
generation of the radical pair in a solvent cage. No 
distinction is made between the cage in which the nitrogen 
molecule is includedvsand one from whieH the nitrogen 
molecule has diffused, nor is any attempt made to differ- 
entiate between primary and secondary recombinations. 

The two radicals in the solvent cage may either react 
together as shown in equations (2) and (7), or they may 
diffuse apart. 

Radicals that have diffused from the cage may undergo 
random radical reactions on their diffusive excursions 
Purougi-thecsotvent. Hence-an o&-phenylethyl radical can 
couple with another x&-phenylethyl radical to generate 19 
and 20 or with a benzyl radical to give 13 and a benzyl 
radical can react with another benzyl radical to give 
mieenayl. Also, an ol-phenylethyl radical can react with 
another o-phenylethyl radical by a disproportionation 
process to yield ethylbenzene and styrene and an qQ-phenyl- 
ethyl radical and a benzyl radical can disproportionate to 


yield toluene and styrene. 
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Scheme XI 
kj 
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CH, CH3CH, 
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: _——> C,H,-CH,-CH,-C,H. (6) 
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The rate constants for the three coupling reactions 
Outside the cage will, in all probability, be the same. 
‘The rate constants for radical radical coupling have been 
measured in only a few cases. Thus, for methyl radicals, 
the rate constant for coupling has been measured at 3.6 x 
tor? Mm? sec™* (102), for benzyl radicals, 3 x 102 m7} sec 


(98), and for triphenylmethyl radicals, 3.6 x 10° ne seem 


(104). Bartlett has estimated the relative rate constants 
for the self coupling reactions of A&-tetralyl, diphenyl- 
methyl and cumyl radicals ( 38 ). He found that the rate 
eonstants for these are slower than the rate constant for 
methyl coupling by less than a factor of 10%. From these 
results, it would appear that rate constants for radical - 
reactions are all extremely fast, except in cases like 
triphenylmethyl radicals where a large steric effect makes 
Couulang alr trcult: 

Since there is little difference between the rates 
and activation energies for a wide series of radical 
radical coupling reactions, it is a safe assumption that 
kg=k5=kg for the three coupling reactions in Scheme TI, 
since the difference between the radical pairs, ®&-phenyl- 
ethyl and w&-phenylethyl, M-phenylethyl and benzyl, and 
benzyl and benzyl is so slight. 

Since the radicals will react with each other in a 


random manner, they should give rise tO a Stacrretica: 
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distribution of products. Assuming the disproportionation 


BoeeetoOns tO be negligible, »sratio of .bibenzyl:,13:,19.+ 2 
formed outside the cage was expected to be 1: 2: 1. 

The data in Table VI show that at high concentrations 
Ofer une relative amount.of bibenzyl.sis much too _small..4in 
these cases, the benzyl radicals must be consumed by an 
alternate pathway. It. is probable that the benzyl radicals 
are reacting with molecular species in the solvent. MThese 
May include 7 from which hydrogen abstraction occurs 
relatively easily (99). They may also include the reaction 
products, particularly styrene to which the benzyl radicals 
would add very rapidly. The faster rate of disappearance 
of benzyl radicals as compared with (,-phenylethyl 
radicals must be a measure of a greater degree of reactiv- 
ity and/or rate of diffusion of benzyl radicals. 

Reduction of the concentration of 7 would tend to 
make these radical-molecule reactions less important. This 
has the effect of increasing the amount of bibenzyl formed, 
so that the ratio of 19 + 20/bibenzyl decreases from 2.5 
to a limiting value of 0.9. Since the ratio is now less 
than one, this indicates that about 10% of ol-phenylethyl 
radicals are disappearing by disproportionation. 

It is interesting to cae that at 132°c the ratio of 
19 + 20/bibenzyl is close to one in spite of a fairly high 


concentration of 7. Since a much smaller amount of 
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isomerization to the hydrazones occurs at higher tempera- 
tures, it is possible that the hydrazones may have been 
-responsible for the disappearance of the benzyl radicals 
in the low temperature runs. 

The amounts of toluene and ethylbenzene formed could 
not be measured when low concentrations of 7 were decom- 
posed, eretse the solvent. peak in the g.l.c. chromatogram 
was so broad that it overlapped the peaks due to these 
Preduces. sat a concentration of 0.5 M at LO: CG aithe 
relative yields of toluene and ethylbenzene were 18% and 
12%, respectively. This compares with yields of 2% for 
each at 132°c. The difference between the results at the 
two temperatures may be due in part to hydrogen abstraction 
from hydrazone which was formed in greater amounts at the 
lower temperature. It might also be due in part to a 
difference in the activation energy for the coupling and 
disproportionation reactions. Bartlett and Nelson (48 ) 
found that the activation energies for coupling and dispro- 
portionation in the reactions of cumyl radicals were for- 
tuitously equal. Bartlett and McBride (37) found that 
ine activation energy for disproportionation was greater 
by 2 kcal than that for coupling in the reactions of 
3-methyl-2-phenyl-2-butyl rea oed ee It is not impossible 
that the activation energy for the disproportionation 


reactions in decomposition of 7 could be smaller than that 
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for coupling. In any event, it is unlikely that the ratio 


of disproportionation/coupling would be greater than 10%. 


Badewht Cects 


Since coupling of radicals outside the cage is a 
random process, a new method is available for measurement 
of the cage effect without recourse to scavengers of any 
kind. The ratio of the products outside the cage will be 


Pemeneyic > 13 3 19 + 20 = 1 :.2 +: 1. By subtracting the 


sum of bibenzyl, 19 + 20 from 13, the amount of 13 formed 


in the cage is found. This is summarized in the following 


equation: 


% cage effect = 30 (Bibenzyl + 
3 + (Bibenzyl + 


isis 
W}}O 


This has to be corrected for disproportionation products 


and the equation becomes: 


% cage effect = saa) (Bi beney = To OT 100 
Where A = amount of disproportionation between benzyl and 
ol-phenylethyl radicals, 
and B = amount of disproportionation between »-phenylethyl 
radicals. 

Cage effects based on the data in Table VI, using the 


above equation, are to be found in Table VIII. Values of 


ae ae a. 
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TABLE VIII 


Cage Effects Calculated from Product Distribution 


Cage Effects, % 


Temp. , Fin eM *¥A=0% A=0% 
°C + Be 0% B=107 
110 0.5 28 25 
Wy-d ops: 30.6 27.8 
41.8° 397 
0.0063 26.6 24 
28.0 25.4 
0.0013 31.2 Zan) 
26.4 24.0 
132 Fs 24.8 
ea bests 


A=10% 
B=0% 


A=10% 
B=10% 


*¥A= fraction of benzyl and o-phenylethyl radical pairs 


that react by disproportionation. 


**kB=- fraction of Q@-phenylethyl radical pairs that react 


by disproportionation. 


+ Anomalous result. 
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the cage effect based on different estimates for the 
extent of the disproportionation reactions are presented. 

Since radicals outside the cage are disappearing by 
routes other than radical-radical reactions, an estimate 
of the cage effect by this method is expected to be high, 
particularly when the concentration of 7 is high. However, 
change in estimated cage effect with concentration is not 
as dramatic as might be expected. In fact, errors in 
measurement of peak areas seem to be the critical factor. 
This error arises because of the closeness of the four 
peaks on the chromatogram even under the best g.l.c. con- 
ditions. The sample size had to be kept small, otherwise 
an overlap in peaks occurred when large samples were used. 
With small peaks, the errors in the measurement of the 
areas are naturally increased. 

Measurement of cage effects without using a scavenger 
has been performed by Seltzer and Hamilton (73). By 
decomposing a mixture of azobis-w& -phenylethane-£,6 A -d3 
and its protio counterpart and analyzing for the products 
including the cross product by mass spectrometry, the cage 
effect is calculated based on the fraction of cross-product 
obtained. The cage effect obtained was 29% in toluene at 
105°c. This compares with a value of 28% found by Greene 
for 1,1'-diphenylazoethane in benzene at 105°C (39). 


Another method of calculating the size of the cage 
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effect in the present system was to use butanethiol as a 
Scavenger. This scavenger operates by donating a hydrogen 
atom to radicals which escape the cage. This is shown in 
Scheme XII. 

It becomes apparent that coupling product 13 and 
Styrene are a measure of of -phenylethyl radicals which 
react inside the solvent cage and ethylbenzene is a measure 
of gl-phenylethyl radicals which escape from the cage. 
therefore, the cage effect is obtained from the following 
formula: 


13 
% cage effect = 3 


oo 


Styrene OD 


+ 
+ styrene + ethylbenzene 


the: quantity of styrene formed cannot be measured directly, 
but was not’ likely .to”™exceed 10%. These cage effects have 
been calculated in Table IX assuming no disproportionation 
and 10% disproportionation. This makes only a small dif- 
ference in the values obtained. The values obtained are 
reasonably close to those obtained in the absence of 
scavenger. The cage effect in pure butanethiol is consid- 
erably lower than those obtained for the other solvents. 
This is not interpreted as being due to interference with 
radicals in the solvent cage; but just a solvent effect. 
The cage effects, therefore, in pure benzene would be 
expected to be a little higher than those for a 1M 


Diucanetniol solution. 
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Scheme XII 
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TABLE IX 
Ratio of Ethylbenzene to 13 Formed on Decomposition of 7, 


momene Prescnceso£ Butanethiol. -Calculation,af.Cage Effects. 


Temp. , Solvent b HSH] Ph-Et Cage *Corrected 
we eh Ee) EBLrect, Cagemercee. 
110 Benzene 0.98 facie nt 2005 Zon 
2, 69 2%.0 29.0 
2.36 Phe eis, wae IPE S| 
2.86 255.9 ras kets 
1.4 3.08 24.5 26.4 
3.08 24.5 26.4 
aoa 23.4 24.8 
ee" Boek TRS 24.6 
eye ane 24.4 26.2 
3.44 2245 24.2 
3.44 22 24.2 
Butanethiol Ord 4.5 ee ES 3, 
4.75 E78 18.8 
= de 53,0 16.1 
5.0 16.7 Le 
LES Cyclohexane Nee. 2.4 29.4 mH Die 
108 Chlorobenzene an rATC LSE 30.3 32.4 
1S 4 Benzene pe fe a oe Acne De ate 
cy 015 Won pl Se 


* Assuming 10% disproportionation in the cage reaction. 
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In fact, by going to larger concentrations of butane- 
thiol in benzene, a range of cage effects should be ob- 
served. Since the ratio of ethylbenzene to 13 was 
measured for a number of concentrations of butanethiol, it 
was decided to test this by plotting cage effect against 
mole fraction of benzene. This is shown in Figtire)III. 

It would be necessary to have many more points at higher 
butanethiol concentrations peers it could be definitely 
said that the relationship of mole fraction of benzene to 
cage effect is a linear one. The points obtained, however, 
deviate from the straight line by less than 1% in the cage 
ertect. The cage effects for the other two solvents are 
not much different from those observed for benzene. 

In using this method to calculate the cage effect, it 
is assumed that butanethiol will react with all radicals 
escaping the cage by donating a hydrogen atom to them. It 
is further assumed that the butanethiyl radicals produced 
will be sufficiently stable that they will only undergo 
coupling reactions with each other. 

The rate constant for abstraction of hydrogen from 
Beret mercaptan by benzyl radicals was calculated to be 
eel x 10° ier see (98). . This is very much slower than 
the rates of the radical coupling reactions but the dif- 
ferences in concentration between the radicals and butane- 
thiol should ensure that all radicals escaping the cage 


are captured. 
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Figure III. Variation of cage effect in benzene- 


butanethiol solvent with change in the 


mole fraction of benzene. 
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In the case of the decomposition of 7, scavenging of 
the radicals by 1M butanethiol is efficient. This is 
known since none of the three symmetrical coupling products 
that are formed exclusively outside the cage are present 
in the reaction mixture. 

Bartlett and Nelson used this method to calculate the 
cage effect in the decomposition of azocumene (48). They 
used thiophenol as scavenger and obtained the same results 
with it as they got from Zest methods. 

Hammond and coworkers (105) found butanethiol to be 
an efficient scavenger of radicals generated in the decom- 
position of AIBN, even when the butanethiol is used in 
stoichiometric amounts. 

While it appears that butanethiol may be a good enough 
scavenger to consume all radicals escaping the cage it is 
still necessary to know whether or not the thiyl radicals 
are undergoing reactions other than coupling with each 
other. It is necessary to know this since a Peataeten eh e 
the cage was based on product analysis. It has already 
been stated that thiyl radicals can abstract a hydrogen 
atom from the ol-carbon of an azo compound (99). It is 
also known that butanethiyl radicals generated by 
photolysis will abstract a hydrogen atom from cumene (106), 
and less readily from ethylbenzene and toluene. It is 


therefore possible that butanethiyl radicals will abstract 
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a hydrogen atom from toluene, ethylbenzene Or coupling 
product in the decomposition of 7. In the presence of a 
large ,excess of butanethioy, it is probable that! such a 
radical would quickly abstract a hydrogen atom from a 
molecule of butanethiol. However, a fraction of the radi- 
cals generated in this way could give rise to other 
Poetic ca DY COUPLING With, €.9., a thiyl radical. Loss of 
some of the product through hydrogen abstraction by thiyl 
radicals would be expected to be insignificant. Even if 
such a process was going on loss of ethylbenzene and 13 
would probably be in proportion to their concentrations so 
that the error introduced in calculating the cage effect is 


negligible. 


Stereochemical studies 

In the presence of butanethiol, only coupling product 
13 is formed. This has been found to have been formed with 
about 10% net retention of configuration. This figure is 
based on the optically pure hydrocarbon having an optical 
rotation of [ |<” = -80.5° as measured in this work. 
Other values for the rotation of optically pure 13 have 
Beenireported®as ~76.7%) 476/39 .2(89) and?=63.5°°(es))" ‘tHe 
value of -63.5° was ahve deamerd it the hydrogenolysis of 
1,2-diphenyl-1l-propanol which had been synthesized from 


optically pure hydratropic acid as shown in Scheme XIII. 
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Scheme XIII 


* * * 
He-CH-C eee -~CH-CH- ay ~CH-CH. - 
(CéHs OOH Coop es e nee > CoH. rH CHO—C aun 
CH CH; OH CH3 


(b) 


i" Solar wn 


CH, 


While the hydrogenolysis does not in principle affect 
the asymmetric centre of hydrocarbon, it is possible that 
the alcohol might undergo an elimination-hydrogenation 
sequence as shown in route (b) of Scheme XIII. This would 
feoa tO some racemization of I3. This is a plausible ex- 
planation for the lower rotation obtained if the severe 
conditions used, (200°c, Over copper chromium oxide), and 
the ease of dehydration of a substrate of this kind are 


25 
considered. The rotation of Far 


= -76.3° was also ob- 
tained by hydrogenolysis of threo-2,3-diphenyl-1l-propanol. 
In this case the conditions used were much milder (Raney 
nickel, refluxing ethanol). Nevertheless, the same 
argument holds. The value of Ea = +76.3° was obtained 
by hydrogenolysis at an Seigihesaeas centre (89). No case 


has hitherto been reported in which hydrogenolysis has 


proceeded with complete retention of configuration. The 
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route by which (+)-13 was synthesized involved several 
intermediates which were used in the stereospecific syn- 
‘theses of (-)-13 carried out in this work. (See Schemes 
VIII and IX.) The optical rotations of these inter- 
mediates were close to those reported in this work despite 
the use of different Fone eae ions and solvents. They 
are, however, 6% and 14% lower than those obtained in this 
work. 

The rotation of [oe ]5° = -80.5° for optically pure 


(-)-13 would, therefore, seem to be the most accurate and 


was used to calculate the degree of retention of confi- 


guration of (-)-13 obtained from the decomposition of (-)-7. 


The results of the stereochemical experiments are 
shown in Table VII. While the net retention of confi- 
guration in the presence of butanethiol is about 10%, it 
was much smaller than this in the absence of scavenger. 
This was because a fraction of (-)-13 had been formed out- 
side the cage and, since this fraction resulted from freely 
diffusing radicals, it was completely racemic. 

By comparing the rotations of (-)-13 in the presence 
of scavenger with the rotation obtained in the absence of 
scavenger, the fraction of (-)-13 formed inside the cage, 
F, is known. If we make the assumption made previously, 
that radicals outside the cage couple in a random manner, 


then amounts of products formed outside the’ cage would be: 
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Therefore, total amount of product outside the cage would 


be: 2(1-F), and 


% cage effect = sna i aa id 
SIGE e Lar ere 


TPS 
ab 
[x]? without scavenger 
where F = ee 
[ol 


with scavenger 


Since some of the radicals outside the cage are 
consumed by processes other than radical-radical coupling, 
the cage effect as calculated by this method will be 
anomalously high. This defect has already been noted 
Sarlier for the calctilation of cage effects from product 
distribution in the absence of scavenger. However, the 
‘defect is worse in this case, since the product distri- 
bution is based entirely on one coupling product, instead 
of three. Since benzyl radicals are the ones which are 
being consumed more rapidly, coupling products which arise 
from these will be more seriously effected. This means 
that bibenzyl and 13 will be present in smaller quantities. 
19 + 20 on the other hand will be present in greater than 
expected yields, because some of the ol-phenylethyl 
radicals which should have combined with benzyl radicals 
will. give rise to 19 + 20 instead. The excess of 19 + 20 


helps offset the shortage of bibenzyl and 13 in the 
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previous method. However, in the present method, this 
excess of 19 + 20 cannot be taken into consideration. The 
cage effects calculated by this method are presented in 
Table X and are as expected, higher than obtained by the 
other methods. 

It is inté€resting*to note that the application of this 
method to the data of Greene and Berwick (39) gives a value 
Perec oceage Glrect Ofe32.04 in the decomposition of 
1,1'-diphenylazoethane in benzene at 105°c. This compares 
with 28% for the cage effect as calculated by Greene from 
product analysis. 

Another effect which would tend to make the cage 
effect bigger, is racemization of (-)-7 and/or (-)-13 
during the scavenged reaction. If this takes place, then 
athesspecific.rotation.in.the..presence.of..scavenger_will_be 
lower, e.g., 10% racemization of (-)-13 by this mechanism 
Mebiecause a 4.5% drop*in. thescage’ effect’ in benzene at 
110°c - from 37.3 to 32.8%. How much of the increase in 
the calculated cage effect is due to each effect is not 


Known. 


Control experiments 


These were conducted to ascertain whether or not the 
high degree of racemization was due simply to loss of 


asymmetry on the part of the o&-phenylethyl radical or 
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“TABLE X 


Cage Effects as Calculated from 


the Optical Rotations of (-)-13 


Solvent Temperature Cage Effect, % 
ve) 
CG 
Benzene ie ae 
Benzene Bid i WF Bee 
Chlorobenzene 107 40.5 


Cyclohexane 1G 40.7 


er he 


whether it was due to any extent to reversible transfer of 
the hydrogen atom from the asymmetric centre of (-) -7 


and/or (-)-13 to a thiyl radical. This is outlined in the 


following equations. In the hydrocarbon control experiment, 
RS 2 RS-H 
hs 
RS- ° RS -H 
(-)-13 ———> Co He jie wears ——-——> (+) =13 
CH3 


1,1'-diphenylazoethane was decomposed in butanethiol in the 
presence of (-)-13. The decomposition of this azo compound 
was used as a convenient method of generating thiyl 
radicals. The recovered (-)-13 was found to be 20% 
racemized. If we make the assumption that the reaction 
‘conditions in the control were the same as in the original 
experiment in which (-)-13 was generated from (-)-7, this 
means that the degree of racemization of (-)-13 as a result 
of reaction of (-)-13 with thiyl radicals would be 10%. 

In the control experiment on (-)-7, the degree of 
racemization of (-)-7 was 24%. The reaction was stopped 
after 22% reaction as determined from the rate constant for 
decomposition. However, when the isomerization reaction is 
taken into consideration, this corresponds to about 50% 


reaction. The degree of racemization seemed to be high. 
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However, this reaction was difficult to carry out and it 
is possible that some of the racemized azo compound may 
have arisen from racemic hydrazone and/or the mixed azine 
which was probably formed during the reaction. 

The hydrocarbon formed in this control experiment was 
isolated and was found to have the same degree of retention 
as that isolated after completion of the reaction. 

If the degree of racemization had been as high as the 
optical rotation of recovered (-)-7 would imply, the 
hydrocarbon isolated from this control experiment would 
be expected to have a higher rotation than that of hydro- 
carbon isolated after decomposition of azo compound had 
reached completion. Since this is not the case, it would 


appear that racemization was somewhat less than 24%. 


BLiterpretation of data of stereochemical experiments 


It is evident that the degree of racemization of the 
recovered hydrocarbon, 13, is due largely to the loss of 
asymmetry on the part of the d-phenylethyl radical in the 
Solvent cage. This means that in spite of the fact that 
the benzyl radical is ideally situated relative to the 
ol-phenylethyl radical for coupling to occur with retention 
of configuration, a large fraction of the 
ol-phenylethyl radicals can reorientate themselves so that 
they present the opposite face of the radical before 


coupling can occur. 


3% DRS gue tia ts 
ie Iw Cros 58 mun 
an is6. bexdm< ory “eV bei imones 
nesses oid’ satu. oe a 


60 Taamirxuedte Contos atds md psisos a 


ar 
jTworigetey. te 2%, sine: aris wae or burma sae wi 
Hol ?se6ss Sieh Bo ne hrefgaes apes .¢ 

is 26 dotd <8 opel baw A0k tes inrens te ae ot3 
arf plow bEuew. {= {-) bot gv0oe% a9 nobsasox ta 

\fuow tran rrogtes fevaaoo pide mest rie a . 
“hyd Io. dado meds alissox redpid 6 owed et 
Sed Aavoginos to nous LeCyRe2aQ sede 6 


: my | * 
wii .9e6o of2 ton eb Firtd soace noiiel 
‘ ¥ 


sr " 


| : | en 

72S ost @a0l cadveger oaw nolisgimeded 26m, 36 
e 6 4 

| | yr prety ' nie 

esnonivoten tin hiptedawaga 16 © 9043 6) eh 

a 

wit to nebdaes hi toowx Yo saree sy — anne pi 

to eaul vs) om viapmert auth ar a 


y -#i lenkties Leds adgn edge ¥ att ve ren 
Jer gost sds Se a} kee wb tethe easan : t 
oft of syvE7 peer beneud te uence 


( 


eat 


Racemization of the product could, therefore, arise in 
two ways. If stabilization of the benzylic radical is 
negligible, racemization could occur by rotation about the 


carbon-phenyl bond as depicted: 
By 
i 
1 
S 


\ 


@ 


However, “1f°internal roetatson oe this type is prevented 
by partial double bond character of the bond in question, 
due to conjugation, then racemization can occur by rotation 
Of the radical as a whole about an axis in the plane 
Of the conjugated radical. No data is available on the 
rate of internal rotation of benzylic free radicals about 
the carbon-phenyl bond. However, for compounds, such as 
formamides in which there is partial double bond character 
due to conjugation, greatly reduced rates are observed 
compared to those which would be predicted on the basis of 
steric interference to rotation CtOR) 

Since the rate of internal rotation of freely rotating 
compounds is not much different from the rates of molecular 


rotation, the latter only need to be considered. 
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Scheme XIV depicts the total behavior of the radical 
pair after generation and includes the racemization pro- 
cess. The ratio of (-)-13 to (+)-13 can be worked out in 
terms of the rate constants for the various reactions. 

This involves invoking the steady state approximation 


Poreecne radical pairs 1 and «IT. 


dII 

Thus G7 = 0 = k,[T] Een keer Reso kay «oat Kgisp) [21] 
[z] ss ky af Ky us kgifft a Kaisp 

i : 
ee kel] op aan SH aed hese 
(+) -13 Ko [7] ky 
meee) ac akan ar “disp 

(+) -13 kK, 


The rate constants, kgj;rr and Kgdisp’ can now be expressed 
meecerms Of K., F, the cage effect, and f tthe wfraction of 
disproportionation within the cage. F and f can be 


expressed in terms of the rate constants thus:- 


= he Ko + Kdisp 


ko + Kgisp + Kaire 


Pi yee Kaisp 
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k, + kaisp 
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This ratio, k,/ky, determines the degree of retention 
that will be observed in any system. The results for the 
system studied are presented in Table XI. It can be seen 
Eveatethe ratio eA varies very little on going from 0% 
to 10% disproportionation. These results indicate that 


for each time the radicals couple, the Q-phenylethyl 


radical will rotate ten to twenty times. 


Activation energy for coupling 


Since we have the ratio of the rate of coupling to the 
rate of rotation, it is possible to calculate the activa- 


tion energy for coupling relative to that of rotation. 
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TABLE XI 


Relative Rates of Coupling and Rotation 


of the d-Phenylethyl Radical 


Solvent TERE Cage Effect, % eyes 
Benzene 132 22 0.057 

BL FAS isa hed AAs pee Ss 0G, =O. O59 
fee ALOT Amie) LESo Lo OF O07 1770 2069 
Chlorobenzene 107 30.4, 33.4 OF097T, 7020901 
Cyclohexane 115 Pi AE Sa he Ui Die Cite er 


* The first column assumes no disproportionation, the 


second 10% disproportionation in the cage reaction. 
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Thus the equation for activation of coupling is: 


ey 
(ke)2 _ Ea (T2-T}) 
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Since the ratio k,/k; is known at two temperatures, 
AE. can be found. This was found to be in the neighbor- 
hood of 0.7 kcal. If the activation energy for the 
rotation process were known, one would then have an esti- 
mate of the activation for coupling. The activation 
enthalpy has been measured for molecular rotation for a 
number of compounds by Pitt and Smyth (108). They find 
values for AH* in the regions 2k0n-—w2s6 Keadent lt 
racemization is taking place by bond rotation, the acti- 
vation energy for free rotation is in the region of 3.0 
kcal/mole. This means that the activation energy for 
coupling would seem to be in the neighborhood of 2.7 - 3.3 


keal/mole. 
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EXPERIMENTAL 


All melting points and boiling points reported are 
uncorrected. — Nuclear magnetic resonance (n.m.r.) spectra 
were recorded on a Varian Analytical Spectrophotometer, 
Model A-60, using tetramethylsilane (TMS) as internal 
standard. Ultraviolet spectra were recorded on a Bausch 
and Lomb Spectronic 600 Spectrophotometer. Optical 
rotations were measured with a Rudolf Polarimeter Model 80, 
and with a Perkin Elmer 141 Polarimeter. Optical rotatory 
dispersion (o.r.d.) spectra were measured on a Model ORD/ 
UV-5 Japan Spectroscopic Company spectropolarimeter. 
Refractive indices were measured on a Bausch and Lomb Abbe- 
3L Refractometer. Gas liquid chromatographic analyses were 
done on an Aerograph A90-P3 fractometer using helium as the 


fearrier gas. 


Purification of Solvents 
Benzene 

Commercial benzene was shaken with concentrated 
Surrurie. acid until the sulfuric acid layer was colorless. 
The benzene layer was then washed with water and with 
sodium carbonate solution. The benzene was then dried 
Over anhydrous sodium carbonate. It was distilled from 
sodium metal over a 6" Vigreux column. Finally, it was 


redistilled over a Nester Faust teflon spinning band 
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column, a middle cut of the distillate being taken. 


Cumene 

The same procedure was adopted for the purification 
of commercial cumene as for commercial benzene, excenptiethar 
the final distillation was carried out on a four foot 
Podbielniak column instead of a spinning band column. A 
middle cut of the distillate was collected and stored in a 


stoppered bottle at 0°C in the dark. 


Chlorobenzene 

Commercial chlorobenzene was shaken with sulfuric 
acid, washed and dried over anhydrous sodium carbonate as 
reported for benzene. This was then distilled over a 6" 
Vigreux column taking a middle cut of the distillate. MThis 
fraction was redistilled over a spinning band column, again 


Pang a m.dd.e Cut Of the distillate. 


Cyclohexane 


The same procedure as used for benzene was employed. 


1-Butanethiol 

| A small piece of sodium was added to commercial 
l-butanethiol and allowed to react with it. This reaction 
mixture was then distilled over a 6" Vigreux column under 
an atmosphere of nitrogen. A middle cut of the distillate 


was collected and this was stored under nitrogen. 
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Neutralization of apparatus 

All glassware employed in the oxidation of l-benzyl- 
2- o-phenylethylhydrazine and in the subsequent handling 
of the azo compound, 7, was neutralized as follows. The 
glassware was dipped in concentrated sulfuric acid. It was 
then thoroughly washed with distilled water after which it 
was immersed in concentrated ammonia solution for several 
hours. It was left to dry for several hours in an oven at 
0. c. 

The stainless steel bombs used in the decomposition 
of (-)-7 were washed thoroughly with ether, ethanol and 
then distilled water. They were then immersed in 
concentrated ammonia solution, after which they were 


rinsed with distilled water and baked in an oven at 110°%c. 


Synthesis of acetophenone eecazines pls 

Poti2leg (1 mole)cofvacetophenonevwin’ 100 mi ‘of 
ethanol was added 30.5 g (0.5 mole) of 85% solution of 
hydrazine hydrate and 5 ml of glacial acetic acid. Heating 
the reaction mixture under reflux for a prolonged period 
was found to be unnecessary since the product crystallized 
out of the solution on standing. An almost quantative 
yield of the crude acetophenone azine as a yellow solid was 
obtained (116 g, 98% yield), m.p. 116-22° (lit (109) 122°). 


The product was not recrystallized but was used directly in 
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the next step of the synthetic sequence. 


o&-Phenylethylhydrazine oxalate, 3 
| Pomersoucron OL 23.60 9° (0.1 mole) of 1 in 230ml of 
ethyl acetate was added 1.0 g of .5% palladium on charcoal. 
Hydrogenation of the solution was carried out at an initial 
pressure of hydrogen of 30 p.s.i. on a Paar Hydrogenation 
Poyeretus. Arter the uptake Of 1 mole equivalent of 
hydrogen, hydrogenation was stopped. The reaction mixture 
was filtered. Ethyl acetate was removed on a rotary 
evaporator under reduced pressure. The yellow oily residue 
was treated with 12.7 g (0.1 mole) of oxalic acid in 50 ml 
Gfe95% ethanol and® 50 ml of diethyl ether. ' The reaction 
Mixture was stirred overnight. The product, & -phenyl- 
ethylhydrazine oxalate, 3, slowly precipitated from 
solutione This was filtered off and washed with ether to 
remove traces of unreacted acetophenone azine. The product 
was a white solid, m.p. 162-70° (lit (77) 173°). The 
yield of the crude oxalate was 15 g (66%). Compound 3 


was used directly without further purification. 


o&-Phenylethylhydrazine, 4 

Tora solution of 12.8 g. (0.23 mole) of potassium 
hydroxide in 115 ml of water was slowly added 27 g (0.12 
mole) of 3 over fifteen minutes under an atmosphere of 


nitrogen. The reaction mixture was stirred’ for a further 
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thirty minutes, and was then extracted with methylene 
chloride repeatedly. The extracts were combined and dried 
over siiedeecus¥ ao Gels < inom carbonate. The solvent was 
removed and the residue distilled under reduced pressure 
to yield a clear liquid, b.p. 74° (1 mm) nZ> 1.5435 (lit 
(77) b.p. 75° (1.1 mm), n?@° 1.5436). The yield of 4 ob- 
tained was 11.8 g (87%). The n.m.r. spectrum (CCl) 

had the following peaks: T2.80 (singlet, 5.0 H) due to 
phenyl hydrogens, 76.4 (quartet, 1.1H, J = 6.5 Hz) due to 
the methine hydrogen, ¥6.95 (singlet, 3.0 H) due to the 
hydrogens on the nitrogens, 78.80 (triplet, 3.0 H, 


J = 6.5 Hz) due to the methyl hydrogens. 


Benzaldehyde of-Phenylethylhydrazone, 5 

To 6.8 g (0.05 mole) of 4 in 80 ml of diethyl ether 
was added 6 g of anhydrous magnesium sulfate. This was 
stirred while 5.5 g (0.052 mole) of freshly distilled 
benzaldehyde in 20 ml of ether was added over thirty 
minutes. The reaction mixture was stirred overnight. It 
was then filtered, and the ether evaporated off. A light 
yellow oil was obtained. This was dissolved in pentane 
and a white solid was obtained m.p. 50-4°. 

The n.m.r. spectrum (CCly) of the oil was identical 


to that obtained for the solid and showed the following 


peaks: T2.5-3.1 (multiplet, 11.4 H) due to the phenyl 
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hydrogens and the hydrogen on the carbon nitrogen double 
bond, 74.6 (broad singlet, 0.93 H) due to the hydrogen on 
the nitrogen, 75.65 (quartet, 0.93 H, J = 6.5 Hz) due to 
the methine hydrogen and T8.57 (doublet, 3.0 H, J = 6.5 Hz) 


due to the methyl hydrogens. 


Alternative synthesis of benzaldehyde 4-phenylethyl 
hydrazone, 5 

To a one litre flask fitted with reflux condenser, 
glass stirrer and a dropping funnel was added 5.5 g 
of lithium metal in 100 ml of anhydrous ether and 50g 
(O.3mole) of methyl iodide in 200 ml of ether was added 
dropwise over thirty minutes while the reaction flask was 
being cooled in an ice-salt bath. To the reaction mixture 
was added dropwise 42 g (0.19 mole) of benzalazine in 
600 ml of ether. The reaction mixture was stirred for 
twelve hours and then neutralized by the addition of an 
ice-cold solution of ammonium chloride. There was rapid 
Sevorvucion Of gas initially. The ether layer was separated 
and dried over magnesium sulfate. The ether was evaporated 
and the residue distilled under reduced pressure,b.p. 144- 
148° (0.6-0.7 mm). The n.m.r. spectrum of 5 prepared by 
this method was identical to that obtained by the method 
above. The crude product before distillation deposited 


erystals of the starting material benzalazine on standing, 
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so the reaction was not complete. The yield obtained in 


the reaction was 40%. 


-1-Benzyl-2- «|-phenylethylhydrazine oxalate, §& 

Hydrazone, 5, (69 g, 0.31 mole) generated in ether 
solution as described in Method A was hydrogenated directly 
on a Paar Hydrogenation Apparatus using 1.5 g of 5% 
Reatlacwum On charcoal untid no further uptake in hydrogen 
was observed. The reaction mixture was filtered under an 
atmosphere of nitrogen and treated with 39 g of oxalic acid 
in a minimum of hot ay See) (120 ml). The oxalate salt, 8, 
precipitated immediately, yielding 72 g of product (74%). 


After four recrystallizations, the melting point was 1eq.3- 


Protwercalca. £Or 1:1 base: acid, C7, 7Ho9N504: C, 64.547 
H,6.40; N,8.86 

Calcd. for 2:1 base: acid, C39H3gN404: C,70.82; 
H,7.06, N,10.32 


Rounds, 4c, 66.30: H, 6.538: N,9.63 


1-Benzyl-2- 1 -phenylethylhydrazine, 6 

To 28 g (0.5 mole) of potassium hydroxide in 125 ml of 
water was added slowly 60 g of recrystallized oxalate, 8, 
under an atmosphere of nitrogen. The aqueous layer was ex- 
tracted repeatedly with methylene chloride and the combined 
organic layers were dried over anhydrous sodium carbonate. 


The methylene chloride was removed on a rotary evaporator 
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and the residue distilled under reduced pressure, b.p. aks 
(0.5 mm) yielding 41.8 g (95%) of a viscous colorless 
liquid, pa 2085 amy The ni: m. r: spectrum (CCl,) had these 
peaks: T 2.83 (two overlapping Singlets, 10.0 H) due to 
the phenyl hydrogens, T6.16 (quartet, J = 7.0 Hz) and 
T6.28 (singlet, total 3.07 H) due to the methine and 
methylene hydrogens, and ¥6.95 (broad singlet, 2.0 H) due 
to the hydrogens on the nitrogen atoms and¥8.79 (doublet, 


2.94 H, J = 7.0 Hz) due to the methyl hydrogens. 


Resolution of 6 

A solution of 108 g (0.48 mole) of 6 was added to a 
hot solution of 96 g (0.48 mole) of camphoric acid in 300 
ml of ethyl acetate. The mixture was cooled to 5° over- 
magi t: aie eate of the camphorate precipitated. These 
were filtered off and washed with ether. The yield of 
salt was 115 g and the rotation was [ou hae =nh1¢22 
(c = 3.8, methanol). The salt was recrystallized twice 
more and the yields of salt and the rotations obtained 
Wereo55 «g; [ot |?° = 42542 (cl=tlioy, wmethane!l pyande30dg 
m.p. 95-105° [ou | i = -2.50 (c = 1.3, methanol). The 
physical properties of the salt showed no appreciable 
change on further recrystallization.— 

Lowa gaot potassium hydroxide in 4 ml of water was 


added 2 g of the camphorate salt under an atmosphere of 


nitrogen. (-)-6 was extracted from the reaction mixture 
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by methylene chloride. After drying and distilling off the 


soivent;=the#residue*was distilled) beep. 110° (O.1-0.2 mm), 
fe, 
yield 0.7 g. The rotation of (-)-6 was measured, of es 


-~50.5° (neat, 1 1 dm). 


1,1'-Diphenyl-1l-methylazomethane, ii 


All glass-ware used in this step of the synthesis was 
neutralized in order to minimize the risk of isomerization 
of the azo compound to the corresponding hydrazones. 

To a 50 ml saturated solution of sodium bicarbonate 
was added 5 g of recrystallized 1-benzyl-2- ol-phenylethyl- 
hydrazine oxalate, 8, under an atmosphere of nitrogen. 
Evolution of carbon dioxide was observed and stirring was 
continued until no further gas evolution took place. The 
reaction mixture was extracted with ether. The ether 
extracts were dried over anhydrous sodium carbonate. The 

ether solution was then placed in a flask which was stop- 
pered with a serum cap. Oxygen was passed into the flask 
Byemeans of “a ‘syringe’ needle and a*pressure”*of' Sp Jsvil of 
oxygen was maintained in the flask. Oxygenation was carried 
out overnight. The ether solution was then extracted 
several times with distilled water, and dried over sodium 
Carbonate. The ether was removed on a rotary evaporator 

at reduced pressure. Rotating was maintained for several 
hours. The resulting yellow oil was found to bel,1'-di- 


phenyl-l-methylazomethane by its n.m.r. spectrum (CDC13). 
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The peaks observed were: 72.80 (multiplet, 10.6 H) due to 
the phenyl hydrogens, 75.18 (singlet) and ¥5.42 (quartet, 
_J = 7.0 Hz) due to the methylene and methine hydrogens 
(combined area 2.9 H) and 78.50 (doublet, 3:1H, J = 7.0 Hz) 
due to the methyl hydrogens. No extraneous peaks were 
found in the n.m.r. spectrum. The refractive index of 7 


was found to be nae Pe S5539G7 


U.v. analysis 

A u.v. spectrum of a benzene solution of 7 was taken. 
This showed two maxima. The one due to azo compound 
occurred at 3580°A. The second absorption believed to be 
due to the corresponding hydrazones occurred at 2800-3000°A. 
The absorbance at 3580°A, abmoeoncentratione of- 1747, 0.735, 
0.368, 0.184 and 0.092 x 1077 M was found to be 5.88, 
Zoo eles e. 20. andel.lUrespectively. OvErem these tatay 7 
was shown to obey Beer's Law and was found to have an 
extinction coefficient of 50 at 3580°A. The absorbance at 


2800-3000°A was comparable to that at 3580°A at various 


concentrations. 
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(-)-1,1'-Diphenyl-l-methylazomethane, (-)-7 
ais aekicckn i Gain OG a ri carer 

This was obtained from the camphorate salt of (-)-6 
in the same manner as racemic 7 is obtained from the 


oxalate salt. The optical rotation of (-)-7 was taken: 


Le}?° S45 29 (c 1.06, benzene)... The o.r.d. spectrum of 
(-)-7 was taken in cyclohexane at a concentration of 1.79 
x 10°? M. 


Be asa ee TS [8 6 +7260 
1b} 50 =377° 8 | 500 -2528° [8 | 530 +2095° 
LJ aso -628° L 8} 56 Oe L8l 500 +1732° 


Synthesis of (-)-7 from &-phenylethylamine 
PeeeGtion of w-phenylethylamine, 10 

tuesresolution of 10'was carried out ‘as reported by 
Thielacker ( 86). From 250 g of dl- ¢-phenylethylamine 
was obtained 65 g of (-)-c-phenylethylamine, (-)-10, 


2° =-262620 (neat; fled dm)~ 


(-)-of -Phenylethylhydrazine, (-)-4 

This was synthesized by a modification of the method 
used by GOsl and Meuwsen to synthesize simple hydrazines 
(82). To a stirred mixture of 80 g (0.67 mole) of 
(-)--phenylethylamine on? = -36.6° (neat, 1 1 dm), and 


500 ml of water was added 25 g (0.45 mole) of potassium 
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hydroxide. Freshly prepared hydroxylamine-0-sulfonic acid 
(110) (25 g, 0.2 mole) dissolved in a minimum of water was 
added dropwise. Heat was evolved and the temperature of 
the reaction mixture rose from 25° to 50°c over the period 
of addition (thirty minutes). The reaction mixture was 
stirred for a further two hours. It was then extracted 
with ether. The ether solution was dried over anhydrous 
sodium carbonate and the ether evaporated. The residue 
was distilled through a 6" Vigreux column until most of 
the amine had distilled over, (b.p. 80-90° (25-35 mm)). 
The reaction sequence was repeated twice and the residues 
combined. The residues were fractionally distilled. The 
fraction which was largely hydrazine was redistilled, 
Bapee?0°6(1 mm), E 6° 
a 


Ny 1.5436. The yield of (-)-4 was 4.8 g (8%). 


= -28.95° (c 0.78, benzene ), 


(-) -1-Benzyl-2-sl-phenylethylhydrazine, (-)-6 
(-)-oa -Phenylethylhydrazine, (-)-4, (6.8 g, 0.05 mole) 
synthesized as described above was dissolved in 80 ml dry 
ether to which 6 g of anhydrous magnesium sulfate were 
added. Freshly distilled benzaldehyde (5.5 g, 0.052 mole) 
in 20 ml of ether was added dropwise with stirring over 
thirty minutes. Stirring was continued overnight. After 


filtration and evaporation of solvent, 10.3 g of the 


(-)-hydrazone, (-)-5, was obtained. This was dissolved in 
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100 ml of 98% ethanol and hydrogenated in a Paar Hydrogena- 
tion Apparatus using 5% palladium on charcoal as catalyst. 
The reaction mixture was filtered, the solvent removed and 
Ppeeresidve treatedewith. 6.3! qrof, oxalicmacid’ dihydrater in 
12 ml of hot ethanol. A precipitate of the oxalate, (-)-8, 
RascpoDtaAlnedsina wieddrofy 10lSag: 

Compound (-)-8 was converted to (-)-6 by adding 5.5 g 
Ofer tito wag ofspotassium hydroxide any lSemlwoft water: 
(-)-6 was extracted as before with methylene chloride which 
was dried over anhydrous sodium carbonate. After removal 
Samsolvyent;+ distillationyof,the| residuejyielded, (-)+ 6. 

De Ps 1.6220°% 6.0% 36mm); ofS = = S628" (neat, ule dudm)edrthe 
n.m.r. spectrum was identical with that obtained for 
racemic 6. 

Conversion of (-)-6 into (-)-7 by oxygenation as 
reported for racemic 6 yielded (-)-7 together with about 
7% of the hydrazones 5 and 9 as estimated by u.v. spect-— 
roscopy (assuming €= 15000 for these compounds (79)). 

The rotation of this mixture was ld |2° £2 1O6E 7Patems<7} 
chloroform). Correction for the hydrazones still leaves 


the optical rotation of the azo compound far short of that 


obtained by resolution. 


Method B 


Since racemization of the asymmetric centre seemed 


probable by the method used above, the experiment was 
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repeated, but instead of using catalytic hydrogenation, 
another method of reducing the double bond was attempted. 
Hydrazone, (-)-5, (2.2 g, 0.016 mole), was synthesized 
from (-)-10 , ob2° = -36.6° (neat, 11 dm), as described in 
Method A. The reaction mixture was filtered and 40 ml of 
a 25% solution of diisobutylaluminum hydride in benzene 
was added dropwise under an atmosphere of nitrogen. After 
addition was complete, the reaction mixture was stirred for 
two days at room temperature. It was then cooled in an ice 
bath and a solution of benzene-methanol (1:1) was added 
dropwise until no further reaction was observed. This was 
followed by 5 ml of water, 15 ml of 15% potassium hydroxide 
and then 5 ml of water. The aqueous layer was extracted 
with ether. The organic fractions were combined and dried 
Over anhydrous sodium carbonate and poured into a solution 
Bra2.o0 Gg Of Oxalic acid dihydrate in 10 ml of 98% ethanol. 
The oxalate precipitated immediately. Recrystallization 
from ethanol of the 1.9 g obtained yielded 1.5 g. This 
was converted directly to (-)-7 as reported for racemic 7. 
U.v. analysis showed a negligible quantity of hydrazones 
present. However, the n.m.r.’ spectrum showed that the 
product contained 7.5% of (-)-4. The optical rotation of 
the mixture was| w)?® —walade (c 1.36, benzene). Correc- 
tion for the fact that the starting ™-phenylethylamine 
was 95% optically pure and for the (-)-4 present brought 


25 
the rotation to Ea Se LBGe 


Ay ‘wa, ms ke 
% Pols {~ ; 1 h 
is ; Waite = ” ie i 
Bin i - ~ y 


Toltengpethyd : siren ota ae | | 
toewnonds ane RaRee ale eet takoubaa! fe was 
ssizoisiye sav , (ator alovo .p ¢.%) 2b) 48 eabyk 
nt tedixoesh a6 (bs £ (teow) °8.26- = Sy | 

io lin Ob bas bseentR eaw eadscin’ “soisoner: Bel 


e 


ied 


(ash. .onpotd tn ae, SR Suh RGIS & ns tabaw paivqoxb 
| beatise ssw oxyde ReMgqses sits LOST éew s 


eacesnsct ai of tebe ave imei elysdaekih to 


soi 1e a2 Belvoo nedi“Rew 7E + @rol eteguad e100 By oe 


at 


febia sew (£14) Locstiaionen esnred to noktafor s bas 


asw eke? .hevasedo Rew adisoe on ashy aed ort Lar ae 


Lb 


tovive! me tcestng: Met 36 m ef. ae oa im € ye 6 


y a 
oatixe eew wsyel eaoeups, oT nage 20. fon ea 
heith Site hentenes sr5W es knepx0 ott 
« ¥. *. 


néfialoe. o oonk STOR: aw atenodies mutbos- AFD: 


-Lonertte #60 So) fim or ref sd patiygclh bins. obtexo 


aeltaxsiiievay cr ae) stmabem eas kqpoetiey Som 
. wee a 


i: 


ait 29 2. Senleny berainito @ C.t ott Reshoaang 
: ae 
The at ” 


<. otireoex 202 beWeqate ab Gl- -~) «@ eloestb | wire: 
e ae 
astioseutid yo ya hihi: ntelanl 6 bevode t 


36 "ink teak sehidihdis aay mt ee 


co 


cee” » (s0mnasd vit eat 


——— 63 of we 


“7s “SAPO 


- 114 - 


(+) -Benzaldehyde of -Phenylethylhydrazone, (+)-5 

From 100 g of (+)-cl-phenylethylamine, ol25 = +35.1° 
(neat, 1 1 dm), hydrazine was obtained by the method of 
Gosl and Meuwsen (82). The hydrazone was prepared as al- 
ready described. The rotation of the hydrazone was taken, 
[us = riaehycr (c 3.3, benzene). Since the (+)-amine 
was 92% optically pure, the rotation of optically pure 


hydrazone will be [a |5° =o+69e1°% 


Hydrogenolysis of (-)-7 

To 1.7 g of (-)-7, lw |?° = -152°; in 40 ml of meth— 
anol was added 2 g of Raney nickel. The reaction mixture 
was attached to a hydrogenation apparatus and hydrogenated 
at atmospheric pressure. The first mole-equivalent of 
ete an was taken up quickly, but two days were required 
for the uptake of the second mole equivalent. The reaction 
mixture was filtered and the solution analyzed by g.l.c. 
The chromatogram showed the presence of four products. Two 
of these comprised over 90% of the reaction mixture. These 
were (-)-M-phenylethylamine, (-)-10, and benzylamine. The 
two minor products had the same retention times as toluene 
and ethylbenzene. The reaction mixture was concentrated 
on a rotary evaporator. (-)-10 was isolated from the 
reaction mixture by preparative g.l.c. Under the best 


g.l.c. conditions, complete separation of the two amines 
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could not be achieved. However, using a high flow rate 

of helium and an SF 96 column (6' x &") and a column tem- 
perature of 160°C} "a sufficiently good separation was 
achieved so that (-)-10 was obtained pure after two passes 
enrough+ the’ fractometer.P The optical rotation<of ((=)-10 
was taken in dioxane, [u]2° =-31.4° (c 5.4, dioxane). 

The specific rotation of g-phenylethylamine does not 
differ significantly in dioxane from the rotation of the 
neat liquid (111). Therefore, this corresponds to an 


optical purity for (-)-7 of 80%. 


Synthesis of hydrocarbon coupling products 
1,2-Diphenylpropene, 12 

To 2.4 g (0.1 g-atom) of magnesium in 150 ml of 
anhydrous ether was added dropwise 15.6 g (0.11 mole) of 
methyl iodide in 50 ml of ether. “After addition was 
complete, the reaction mixture was stirred for a further 
thirty minutes. A solution of 19.6 g (0.1 mole) of deoxy- 
benzoin in 100 ml of ether was added slowly in order to 
produce a rapid rate of reflux. The reaction mixture was 
stirred for a further hour. It was then poured into an 
ice-hydrochloric acid mixture. This was extracted with 
ether. The combined organic fractions were dried over 
anhydrous sodium carbonate. The ether was evaporated and 


Be tane distilledsb.p. 124°: (1:7 mm) (ldt (112) 193° 
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(26)). The distillate solidified and was recrystallized 
from ethanol, m.p. 77-80° (lit (112) m.p. 82°). The yield 
Mumeexemecrystallizationtwas’10.1‘g°) (52%)“) Thecnemtr’ 
spectrum (CCly) had the following peaks: 72.5-2.9 (multi- 
plet, 10.3 H) due to the phenyl hydrogens, 73.21 (doublet, 
1-0°H, J = 1.5 Hz) due to vinylic hydrogen and © 177175 


(doublet, 3.0 H, J = 1.5 Hz) due to the methyl hydrogens. 


dl-1,2-Diphenylpropane, 13 

Compound 12 (8.5 g, 0.044 mole) was dissolved in 50 ml 
of 98% ethanol. This solution was then hydrogenated on a 
Paar apparatus using 0.5 g of 5% palladium on charcoal as 
Catalyst. The reaction was complete in several minutes. 
The reaction mixture was filtered, the solvent evaporated 
Ona smotaryrevaporator anddthe® residue, distidied) teeyield 
a colorless liquid, b.p. 108-99 (1.7 mm), no! 1.5560 


(lit (113) b.p. 127-30° (8 mm) and n2° 


£5685). Tithe 
n.m.r. spectrum (CClq4) of 12 had the following peaks: 

T 3.0-3.3 (multiplet, 10.1 H) due to the phenyl hydrogens, 
T™7.0-7.5 (multiplet, 2.8 H) due to methine and methylene 
hydrogens, and 78.7-8.9 (multiplet approximating to a 


doublet, 3.1 H) due to the methyl hydrogens. 


Q@-Phenylcinnamic acid, 14 


This was synthesized by the Perkin reaction (84). 


A mixture of 125 g of phenylacetic acid, 150 ml of 
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benzaldehyde, 100 ml of triethylamine and 100 ml of acetic 
anhydride were heated under reflux for thirty-five minutes. 
The reaction mixture was cooled and 200 ml of concentrated 
hydrochloric acid was added with stirring. Sufficient 
ether was then added to dissolve the product and this was 
separated and washed with water. The ethereal solution 
was then pases aicd with a 3% solution of sodium hydroxide. 
The alkaline solution was them made acid by the addition 
of hydrochloric acid, and the product snreciai tated as a 
mixture of cis and trans isomers. This was filtered off 
and used directly in the next step of the synthetic 


sequence. The yield of crude acid was 180 g. 


2,3-Diphenylpropionic acid, 15 

ol-Phenylcinnamic acid, 14, (45 g, 0.2 mole) was 
dissolved in 300 ml of 98% ethanol and hydrogenated in the 
presence of 0.5 g of 5% palladium on charcoal. The 
reaction was complete in two hours. The reaction mixture 
was filtered, the ethanol evaporated on a rotary evapo- 
Poacotee Lhe. vield.ofserude 15 wassquantitative.. The. n. max. 
spectrum (CDCl3) of 15 had the following peaks: 72.82 and 
T2.94 (two overlapping singlets, 10.0 H) due to the 
phenyl hydrogens, 7 6.0-7.3 (multiplet, 3.03 H) due to the 
methine and methylene hydrogens. The downfield peak due 


to the carboxyl hydrogen had not been recorded. 
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Resolution of 2,3-diphenylpropionic acid 

This was carried out as described by Pettersson ( 91). 
A solution of 65 g (0.4 mole) of ephedrine in 450 ml of 
acetone was added to a hot solution of 89 g (0.4 mole) of 
women 200 ML Or acetone. 1On standing overnight 80g of 
crystals of salt formed. These were filtered and 0.5 g of 
the crystals were treated with dilute hydrochloric acid. 
(-)-15 was recovered by extracting the reaction mixture 
Wath ether. The product was recrystallized from ether- 
pentane and its rotation taken. The rotation of the acid, 
(-)-15, was found to be E = = .35°. “The yields of salt 
and optical rotation of the acid on successive recrystal- 
lizations were: 36g, [ox ]?5 viel 22¥G fe 1iaes oe pies: 
Blea las, and, 7g, 82°... Whis. was) optically. pure: ()-15 
as determined by Pettersson (91). By evaporating the 


mother liquors and recrystallizing the salt obtained, a 


further 5 g of optically pure product were obtained. 


dl-2,3-Diphenyl-l-propanol, 16 

Avsolution-ofplso(1lip gi. 0.049 mole) in ether was added 
to-a Slurry of 4:75 g (0.125 mole) of lithium aluminum 
hydride in 180 ml of ether. Rate of addition was such as 
to maintain gentle reflux. The reaction mixture was 
stirred overnight, cooled in an ice bath, and ice-water 


added until all excess hydride had been consumed. Then 
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100 ml of © N Hj5S0O, was added to the reaction mixture. The 
ether layer was separated, washed twice with 10% sodium 
carbonate solution and dried over anhydrous sodium carbon- 
ate. The ether was evaporated and the residue distilled, 
Por etA0°. (0.4 mm), no Lode Clit (114) bon ae 
(89) b.p. 128° (0.2 mm) ng? 1.5742). 

The n.m.r. spectrum (CDC13) had the following peaks: 
T2.8-3.2 (multiplet, 10.0 H) due to the phenyl hydrogens, 
T6.3-6.5 (multiplet, 3.0 H) due to the methylene adjacent 
to the oxygen, T6.7-7.5 (multiplet, 3.0 H) due to the 
methine and the benzylic methylene hydrogens, and T8.06 


(singlet 1.1 H) due to the hydroxyl hydrogen. 


(-) -2,3-Diphenyl-l-propanol, ye 6 
This was carried out as described above. The re- 

fractive index of the distilled product was ni 1.5745 

(lit. (99) nZ° 1.5742). ‘The optical rotation of (-)-16 

was [ad |2° = -88.47° (Cm rs oye CH LOLUTOr Mt) Lc sean) 

[oe hac = ena cae hg ic SS ec LorOLOLM au. 


d1-2,3-Diphenyl-l-propyl p-Toluenesulfonate, 17 

Poo an ice-cold ‘solution of 2.15 g ,(0.01 mole) iof 16 
in 7 ml of dry pyridine was added 3.18g(0.017mole) of 
freshly recrystallized p-toluenesulfonyl chloride dis- 
solved in 7 ml of ice cold, dry pyridine. The reaction 


mixture was left standing at room temperature for twenty- 
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four hours. Then, 10 ml of water was added and the 
reaction mixture was poured into 100 ml of ice cold 10% 
hydrochloric acid. This was then extracted with ether. 
The combined organic fractions were extracted with 
ee and sodium bicarbonate solution and dried over an- 
Ree ous potassium carbonate. The ether was removed and 
the residue dissolved in ligroin-ether. The solution was 
Percecoretand, and the, product, crystallized ‘out. = ihe 
yield was 2.8 g (76%) and the melting point was 79.5- 
Boro oC. 

The n.m.r. spectrum (CDC1l3) had the following peaks: 
T2.2-3.4 (multiplet 14.0 H) due to the phenyl hydrogens, 
T5.8 and 715.92. (overlapping singlets,-1.83,H).due to, the 
hydrogens of the methylene group adjacent to the oxygen, 

T6.6-7.5 (multiplet) due to the methine and benzylic 
) methylene hydrogens, and 77.65 (singlet) due to the 


p-methyl hydrogens (combined area 6.0 H). 
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(-)-2,3-Diphenyl-l-propyl p-Toluenesulfonate, (-)-17 
ES Se Sled pict Slag ns, Ret ann ana RE RE RO laa” SES SESE —— 


This was synthesized as reported above for racemic 
17. It was recrystallized from ligroin-ether, m.p. 9l- 
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dl-1,2-Diphenylpropane, 13 

To a 100 ml three necked flask fitted with a reflux 
condenser, dropping funnel and a magnetic stirrer and 
containing a slurry of 1.0 g of lithium aluminum hydride 
in 40 ml of anhydrous ether, was added a solution of 0.4 g 
Of 17 in 15 ml of ether. The reaction mixture was stirred 
and heated under reflux for two days. Excess hydride was 
destroyed using 50% hydrochloric acid. The ether layer 
was separated, washed with water and dried over anhydrous 
sodium carbonate. ‘The ether was evaporated and the residue 
analyzed by g.l.c. (SF 96 column). This showed only one 
peak on the chromatogram and this corresponded in retention 
time. to that obtained for authentic 13 synthesized by the 
previous route. The n.m.r. spectrum and refractive index 
also were identical to those obtained from 13 synthesized. 


by the previous route. 


(-)-1,2-Diphenylpropane, (-)-13 


Synthesis of (-)-13 was synthesized from (-)-17 
according to the method described above. The crude 


product was purified by preparative g.l.c. The refractive 


; ; 2 
index was identical to that obtained for racemic 13, ie 


25 


1.5572 (lit. (89) nj 1.5558). Other physical constants 
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A recheck of the rotation using another batch of 
2 
tosylate gave [ot ]5 = “S0s50~ (43 32.15,ach laroform)., 


An o.r.d. spectrum of (-)-13 was recorded: concen- 


tration 1.503 M in cyclohexane. 


Ho 30? (a 
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Meso- and dl-2,3-Diphenylbutane, 19 and 20 (93 ) 

To 1 g (0.04 g-atom) of magnesium in 10 ml of an- 
hydrous ether was added 11.8 g (0.084 mole) of of -phenyl- 
ethyl .chloride in 100 ml of ether at such a rate that the 
ether boiled vigorously. The reaction mixture was heated 
under reflux overnight. It was treated with ammonium 
chloride solution to destroy any Grignard still remaining. 


The ether layer was separated and dried over anhydrous 


magnesium sulfate. The solvent was evaporated leaving 
an Oily white solid as residue. The solid was recrystal- 
O 


lized from methanol, m.p. 124 (lit. (93) m.p. 126°) 
This was the meso isomer. The mother liquor was concen- 
trated and more meso isomer was obtained. When no more 


crystals deposited on further concentration, the solvent 


was removed and the residue distilled. The colorless oil 


e _ 

4 im i . 
Vet 7 : 7. 
“- Lad 7 Py 


« Sw y ; 
> . ' Pn 


if bh : : lt 
7 
i ) 


: 3S dosed ssen8, @, eae ratassoy nae 
. (rictesoLde AS. Es) "02.08. = ~ 2h) 7 y ry 


-nppaeo, :bstxoaiy, sew Eke ) 20 evra 
bat wale 
Prec. ens. edtotoys ink: 


De 


Se ee Gi, hat 
Adel ea ahs 


. 7c 
~ at Tt a 
“aaa {= 4 ft RELee. vt | 
‘oRs* : *\ la?) 
- Becnts i aaa 
_ ; cee. ~ | ost 
, | . a ‘ % 
| 7 Sy | 
- pee 
( £8) OR hn, él ,sastodl ynedqia-€, 


a ee 


- —— te 


OL mI duitesnem Yo (mosE=p. wo. 0} Be: bs 
-wc YO folom BED.O) p Bre bebbe | oat a are 


i , otty = doom a8 Sedds Yo. Ia 66 wit ol de 


sioshtte NObgaess sit Scabies psis c 


wine diiitw hedges? sew 3T tag btmrsve xy! ty 
; Aer gees < 


fide prep ie 29 es YORI abe | Mok a) 


bh 
*-4 
44) 


a 
eucriiydes eve > “tas FeaRe: fics deversqae esy <a 


1 Peeve vossaaaen@! ‘eu Brayton eh, ae 
| \ te 
~J ASSYAIISzr BSA » Di Lor, Py; saebhaos " b ' foe ¢ er: 


one Pos, me ¢ 


-~71 29009 Saw reupel % 


(RSL qua (ed. 


ree. = 


sas se ‘ 2 
, Pe és ae di tem 

. = ’ . 7 ae - 
orc, on aelW .. tong ie om 


ae 


tnovice ons node 


Lie seattolo> ant Q. 


CA 


- 123 - 


was the dl-isomer ( 93) no° 1.5540. 


The n.m.r. spectrum (CCl) of 19 had the following 
peaks: 72.90 (singlet, 10.0 H) due to the phenyl hydro- 
gens, T7.1-7.5 (multiplet, 2.09 H) due to the methine 
hydrogens and7T9.0 (multiplet approximating to a doublet, 
6.1 H) due to the methyl hydrogens. Compound 19 was also 
pure by’g.lsc. analysis. The n.m.r. spectrum (CCly) of 
20 showed the presence of a small amount of 19. This was 
Poche out by g-ivc* analysis’. 

The n.m.r. péaks were at T2.:7-3.3 (multiplet, 

10.0 H) due to phenyl hydrogens, T6.9-7.5 (multiplet, 
1.97 H) due to the methine hydrogens and T8.77 (doublet, 


6.0 H, J = 6.5 Hz) due to the methyl hydrogens. 


Synthesis Of-lbpl*=-diphenylazoéthane, 22 

Acetophenone azine, l, (50 g. mole) dissolved in 300 
ml ethyl acetate was hydrogenated over 2 g of 5% palladium 
On charcoal until there was no further uptake in hydrogen. 
The resulting solution of 1,2-di- @-phenylethylhydrazine, 
21, was filtered, the ethyl acetate evaporated and the 
residue taken up in ether. The solution was oxygenated as 
reported earlier and the resulting solution of 22 was 
washed several times with distilled water. The ethereal 
solution was dried over sodium carbonate, the solvent was 


removed and methanol was added to the yellow residue. 
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This solution was placed in the refrigerator and white 
crystals of 22 separated, m.p. 68-71° (34 be. (52) Hole . a) 2 or 
weeag-C). . The n:m.r. spectrum (CDCl,) of 22 had the 
following peaks: T 2.80 (singlet, 10.0 H) due to the phenyl 
hydrogens, 75.32 (quartet, 1.9 H, J = 7.0 Hz) due to the 
methine hydrogens and 78.45 (doublet, 6.0 H, J = 7.0 Hz) 


due to the methyl hydrogens. 


BInetics of decomposition of 7 

The rates of decomposition of 7 were measured by 
observing the change in volume over the solution due to 
the evolution of nitrogen. The apparatus used is shown in 
Figure III. The decomposition was carried out ina 5 ml 
flask fitted with a standard taper neck. This was connec- 
ted to : graduated buret by means of capillary tubing. To 
ensure that volatile products do not distill over a small 
condenser was inserted just above the reaction flask. To 
Minimize errors in measurement of volume due to local tem- 
perature changes, the buret was surrounded by a water 
jacket through which thermostatted water was circulated. 
The reaction flask was stirred by means of a bar magnet. 
This magnet was operated by rotating another magnet beside 
the flask as shown in Figure III. Oxygen was removed from 
the sample to be decomposed by opening the stopcock to 
reaction flask only, the flask was cooled in a dry ice- 


acetone bath and the apparatus was evacuated to 0.05 mn. 
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Figure IV Apparatus Used to Measure 


Rates of Decomposition of 7 
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The vacuum was released in such a way that prepurified 
nitrogen passed into the apparatus. Three such evacuations 
were performed and then the apparatus was closed by closing 
stopcock &. 

Decompositions were commenced by lowering the flask 
into the bath and stirring commenced. Readings were gen- 
erally commenced at 500 seconds or 1000 seconds after 
immersion of the reaction flask in the bath. 

Since initial rates were being measured, an estimate 
of the time necessary to reach equilibrium temperature was 
required. By performing a trial run, it was reckoned to 
take 500 seconds at the higher temperature. Of this time, 
about 350 seconds were necessary for the temperature to 
rise over the last ten degrees, so that a correction to 
(Vag -Vo) can be easily made. This correction was usually 
in the neighborhood of 1%. At the lower temperature, the 
rate is sufficiently slow that no correction of this kind 
was necessary. The results are presented in Tables III, 


PVP aAndea V's 


Decomposition of 7 in ethylbenzene 

A solution of 1.83 g of azo compound in ethylbenzene 
was heated under reflux for forty hours. The reaction 
mixture was then cooled and the solvent evaporated. This 


precluded the observation of low boiling products. The 
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residue was analyzed by g.l.c. to determine the higher 
boiling products formed in the decomposition. G.l.c. 
conditions were: Column, SF 96 on Chromosorb P; Injector 
temperature, 250°; Detector temperature, 250°; Column 
temperature, 180°; Flow rate (He) 80 ml/min. Four peaks 
were observed at retention times relative to the air peak 
Sie.ve, 1159, 13.8 and 15.0 minutes. Bibenzyl, 1,2-di- 
phenyl propane, dl-2,3-diphenylbutane, meso-2, 3-diphenyl- 
butane were found to have retention times of 10.6, 12.2, 
14.0 and 15.4 minutes respectively under the same g.l.c. 
conditions. These would, therefore, appear to be the 
compounds formed. To verify that these are the compounds 
being observed, an attempt was made to separate the con- 
stituents by column chromatography. 

A column of Grade I alumina (1.5 cm x 50 cm) was made 
up in Skellysolve B. The residue from the decomposition 
of 7 was placed in the column and eluted with Skellysolve 
B (100 ml) and then 5% benzene - Skellysolve B. Using the 
latter solvent mixture, a white solid began to elute almost 
immediately. An n.m.r. spectrum showed this to be a mix- 
ture of 19 and 20. This mixture was recrystallized from 
carbon tetrachloride, m.p. 113-15°C. An n.m.r. spectrum 
of the recrystallized material was identical with that 
obtained for authentic meso-2,3-diphenylbutane, 20. The 


next fraction eluted had an n.m.r. spectrum which was very 
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complicated in the methyl region of the spectrum and was 
probably a mixture of 13, 19 and 20. The next fraction 
was identified as 1,2-diphenylpropane, La ADV Serena 
spectrum. No bibenzyl was isolated from the reaction 
mixture. Further elution of the column with 10% benzene - 


Skellysolve B produced trace amounts of oily solids. 


Measurement of G.l.c. Response Factors 
A mixture of the following hydrocarbons was made up: 


1,2-Giphenylpropane (0.1207 g, 6.16 x 107° 


mole), meso- 
2,3-diphenylbutane (0.0226 g, 1.08 x 107* mole), bibenzyl 
me0202 g, 1.11 x TOs mole), and ethylbenzene (0.0792 g, 


7.47 mole). Response factors were calculated from the 


equation: 


Response factor of A ~ Area of A A Moles of B 
Response factor of B Area of B Moles of A 


The results obtained are shown in Table XII. The response 
factors of ethylbenzene were rechecked and that for 
toluene calculated. This is also shown in Table XII. 

The areas of the peaks were determined using the disc 
integrator and also by cutting out and weighing of the 
peaks. This method was also used since in some cases, it 
was necessary, when calculating the area of peaks in the 


chromatograms of the decomposition of azo compound. 
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TABLE XII 


G.l.c. Response Factors 


Compound Amount _, Response Factors* 
Mole x 10 

Ethylbenzene 7.47 61V 5209 66 
1,2-Diphenylpropane . 6116 100 100 100 
Bibenzyl 1271 81.5 84 90 
meso-2,3-Diphenylbutane 1.08 93 97 
Toluene Leo 52 Hat See Oe 
Ethylbenzene Ieee ate S18, 61.5 
1,2-Diphenylpropane 0.47 100 100 100 


* The response factors were calculated relative to 
1,2-diphenylpropane which was given the arbitrary 


value of 100. 
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Decomposition of 7 in benzene 


Solutions containing various concentrations of 7 in 
benzene were made up. These solutions were placed in care- 
fully neutralized glass-tubes (about 1.0 ml in each). The 
tubes were then sealed onto a vacuum rack, cooled in a dry- 
ice acetone bath and degassed to 1} by several freeze-thaw 
cycles. The tubes were then sealed under vacuum and placed 
in an oven preheated to the required temperature. Decom- 
positions were carried on to ten half-lives. The sealed 
tubes were then cooled in dry ice-acetone and opened. The 
Mixture was analyzed by injection onto the g.l.c. column. 


The results are shown in Table VI. 


Decompositions of 7 in the presence of butanethiol 

Beet ons of 7 were made up in butanethiol-benzene 
mixtures. The solutions were 1.0-3.1M with respect to 
butanethiol in benzene and this was about ten times or 
more, greater than the concentration of 7. These were 
placed in tubes and degassed as described for benzene 
solutions. After decomposition, the ratio of 13 to ethyl- 
benzene was measured by g.l.c. analysis. ‘Toluene was not, 
in most cases, estimated because of partial overlap with 
the solvent peak. The same procedure was adopted for other 


solvent-butanethiol mixtures. In the case of chloroben- 


zene-butanethiol, the chlorobenzene peak on the g.l.c. 


169 tL s°Hnla sisw engi tities i 5 vextt | 


aT Cries ak Le Ot Lae) sue 
tb « - beLoga ; <a miummEY & od ng. bolsse 
1 Aas 
fg-osest? lexveves vd We ne Da. cape, “re 
be vs | Die ay aeN robe baksoe ti i$ Siow ook ia 
¢ 4 


z 
-70590 -.em7e oqmst bewiuper arty oF bos sartee ve avo fi 
° a _ > » y 


ort? eovil-Rfed met of n° belz4so ines ban 


) ine sofeds-a08 vib at beloos, Lialen 


° . P . . WPA, 
wio> .>.1.6 O92 GIAO RoOssooe tnt yd boaylens | \ 
7 e e e+ : ta i. ol iam 

r rv at Be rm fli rwode. niall ‘ t 


Sy dgiw M LLE>0.f axow airet Leip! ont 
P : rm wt it Hf i) 
10 Somt? net joods saw vig het Des gnesned. a j 


ow segaT  .¥ 3p 7 pene ect 5 

waned 1H? Bs ns bsoapb tet boteeped £ 

-ly fas .o7 EL to -obtey add’ snotrbee ooab 7 
Jon esw eneulot. ea 6 79,1. 

| isiehata, 4 2 et asian 


1 cetera tet inlet 


tenfic 03 Este obs cone 


an i} 


-rxiovrolds Vo wate 


+d [.9 9 “3 RO pir 
+ 


- 131 - 


chromatogram overlapped the ethylbenzene peak, and so the 


ratio of toluene/1,2-diphenylpropane was measured. 


Decompositions of (-)-7 

These were carried out in stainless steel bombs. 
Generally, the azo compound, (-)-7, which had the maximum 
rotation of [et |2° = - 152°, was used. Solutions were 
made up to 50 ml with solvent. Nitrogen was bubbled 
through the solution for several minutes, the bomb was 
sealed and decompositions carried out by placing the bomb 
in an oven preheated to the required temperature. Decom- 
positions were carried out for at least six half-lives. 
The hydrocarbon was isolated from the reaction mixture 
and its rotation determined. The following runs were 
et ierned. 
Run 1 

Azo compound, (-)-7, (1.5 g) was dissolved in 20 ml 
of chlorobenzene. A stream of nitrogen was passed through 
the solution. Decomposition was then carried out at 108°c. 
Beavent and low boiling products were removed by flash 
distillation and the residue was chromatographed on an 
alumina column (1.5 x 40 cm) using hexane as eluant. The 
elution of coupling products was monitored DY 0. ele 
size of fractions collected were 10-20 ml. By fraction 9, 


compounds 19 and 20 were eluting, by fraction AS oe bl ats. 
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coupling product, (-)-13, was eluting. Fractions 24-33 
contained major coupling product, (-)-13, only. These were 
combined and solvent removed to yield 57 mg of coupling 
product. The optical rotation was taken ld }?° = 1-6 6° 
fews2cos;, chlorofo6rm)’t 
Run 2 

To 35 ml of chlorobenzene were added 2 g of (-)-7 and 
3.3 g of butanethiol. Nitrogen was passed through 
solution for several minutes. The solution was then heated 
for thirty-six hours at 108°c. Coupling product was iso- 
lated by chromatographing the residue after evaporation 
of solvent on a short alumina column. It was further 
Purisreda by preparative g-1l-c¢: and the rotation was taken, 
| Ea = -11.56 (c 4.24, chloroform). 
Run 3 | 
Compound (-)-7 (1.5 g) was dissolved in 50 ml of 
benzene, placed in a 75 ml bomb which was then flushed 
with nitrogen for several minutes. The bomb was sealed 
and decomposition carried out at 132°c. After eleven hours 
the bomb was removed, solvent evaporated and the product 
isolated from the residue by preparative g.2.c8.ne> 1.55692 
The optical rotation was found to be Esk = -3.28°9 


o°9.27, chloroform). 
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Run 4 

Azo compound, (-)-7, (1.3 g) and butanethiol (7.7 g) 
_ were made up to a 50 ml solution with benzene. Decom- 
position was carried out at 132°c. Compound (-)-13 was 
isolated from the residue by column chromatography, fol- 
lowed by preparative g.l.c. The hydrocarbon, (-)-13, had 
an optical rotation of [15° ai=Ie29" (cA2S69RichYoroform):. 
Run 5 

Azo compound, (-)-7, (0.9 g) was dissolved in 50 ml 
of benzene. Decomposition was carried out at 110°C. 
Following removal of solvent, separation of (-)-13 was 
carried out by preparative g.l.c. and a second pass through 
the fractometer was necessary. The rotation was 
[vw ]2° = -4.49 (c 2.49, chloroform). 
Run 6 

Azo compound (1.5 g) and butanethiol (5.4 g) were made 
up to 50 ml with benzene. Decomposition was carried out 
givlt0-C. »After evaporation of the solvent, the residue 
was chromatographed on an alumina column. Further purifi- 
cation of (-)-13 was carried out by preparative g.l.c. 
The rotation of the hydrocarbon was ox ]2° = -8.27 
fouo.4; chloroform). 
Run 7 

To 30 ml of butanethiol was added 0.9 g of (-)-7. 


Decomposition was carried out at 132°c for'eleven hours. 
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Following evaporation of solvent, the product, (-)-13, was 


isolated by column chromatography and preparative g.l.c. 
- The rotation was [ot]2° = -11.74 (c 2.36, chloroform). 
However, a check on the purity of (-)-13 by g.l.c. showed 
that it contained some dibutyl disulfide. 
Run 8 | 

Bana mixture of 21 ml of benzene and 24 ml of butane- 
thiol was added 1.4 g of (-)-7. Decomposition was carried 
out at 110°c. Following evaporation of solvent, isolation 
of (-)-13 was achieved by preparative g.l.c. Again two 
passes through the fractometer were necessary. The 
Optical rotation was Bas = -13.54° (c 3.84, chloroform). 
Run 9 

To 25 g of butanethiol was added 1.3 g of (-)-7. 
Decomposition was carried out at 110°c. The solvent was 
removed and the hydrocarbon isolated from the residue by 
preparative g.l.c., (-)-13, had a rotation of 
[ot = = -13.93° (c 0.79, chloroform). 
Run 10 

To 50 ml of cyclohexane was added 1.0 g of (-)-7. 
Decomposition was carried out at 115°c. The solvent was 
removed. Isolation of (-)-13 from the residue was achieved 
by column chromatography followed by preparative g.1.c%; 
be 1.5572. Optical rotation of (-)-13 was [ot] mW i 


(co 3.2, chloroform). 
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Run ll 
Azo compound, (-)-7, (1.0 g) and butanethiol (5.95 g) 
were made up in 50 ml with cyclohexane. Decomposition was 
carried out at 115%c. After removal of the solvent, (-)-13 
was isolated from the residue by column chromatography, 
followed by preparative ght .wnce 1.5562.. The optical 
y 125 


rotation was [ol |? = -8.85° (c 4.0, chloroform). 


Control experiment on (-)-13 
To a solution of 1.2 g of 1,1'-diphenylazoethane, 
Om, 
m.p. 68-71 , in 30 ml of butanethiol was added 80 mg of 


1,2-diphenylpropane, (-)-13, | ]2° = PO, caatcn gs) Oe 
chloroform). This solution was placed in a bomb, which 
was then flushed with nitrogen, sealed and heated to 110°¢ 
for twelve hours. After decomposition the reaction mixture 
showed the presence of (-)-13, and also 19 and 20. Com- 


pound (-)-13 was isolated by preparative g.l.c. and its 


rotation measured, [5° = Sg a (eo Se42 sy Chlorororm):. 


Control experiment on (-)-7 

Azo compound (2 g), lob] 5> = -152° (c 3.2, benzene) 
was dissolved in 30 ml butanethiol and placed in a bomb. 
After flushing the solution with nitrogen and sealing the 
bomb, (-)-7 was decomposed for five hours at 110°c. This 
corresponds to about 22% reaction for the decomposition 


process. The solvent was then removed on a rotary 
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evaporator and the residue taken up in about 50 ml of 
methanol. This was treated with 20 g of freshly prepared 
dipotassium azodicarboxylate (115) and acetic acid was 
dripped into the reaction mixture until evolution of nitro- 
gen stopped. Ether was added to the reaction mixture which 
was then extracted with dilute sulfuric acid. The ether 
layer was saved, since it contained the hydrocarbon coup- 
ling product. The acid layer was then extracted with more 
ether. The acid solution was then made alkaline by the 
addition of potassium hydroxide pellets under an atmosphere 
of nitrogen. The alkaline solution was extracted with 
ether and dried over sodium carbonate. The ether solution 
was then oxygenated. The u.v. spectrum of the ether solu- 
tion showed the presence of a substantial amount of hydra- 
zone. After removal of the ether, an n.m.r. spectrum of 
the product was recorded. This showed that (-)-7 was the 
major product (71%) but that hydrazone, (-)-5, was also 
present (29%). The rotation of the mixture was taken, 
as = -101.4° (c 0.91, benzene). 

The hydrocarbon, (-)-13, was obtained by evaporation 
of the ether and (-)-13 was isolated from the residue by 
Preparative g.l.c. Its optical rotation was measured, 


[ol Se] -13-9° (c°1.2, chloroform) - ” 
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SYNTHESTS AND DECOMPOSITION OF OPTICALLY ACTIVE 


1,1'-DIPHENYL-1-ETHYL-1-METHYLAZOME THANE 


In Chapter I, azo compound (-)-7 was synthesized and 
decomposed to yield coupling product, (-)-13, in the sol- 
vent cage with approximately 10% retention of configu- 
ration. This corresponds to a ratio of the rate of coup- 
ling of the o-phenylethyl radical with a benzyl radical 
to its rate of rotation, k¢/ky, being equal to 0.06. In 
other words, the of-phenylethyl radical rotates about 
sixteen times for each time it couples with a benzyl 
radical. 

It would be of interest to synthesize and decompose 
a series of azo compounds in which the alkyl group 
bearing the asymmetric centre was changed in such a way as 
fomaiter the rate of rotation of the radicalvoereEthrs 
could be done in such a way that the rate of coupling would 
remain unchanged, then this change in the ratio of the rate 
of coupling to rotation, k,/k,, would be reflected in a 
change in the degree of retention of configuration of the 
product. Hence the ratio, ko /ky. can be measured from the 
degree of retention, the cage effect, F, and the fraction 
of the radicals that disproportionate, f, as calculated 


from the equation derived in Chapter I. 
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In Chapter I, azo compound (-)-7 was decomposed to 
give an o-phenylethyl and a benzyl radical. It was 
decided to extend the study by synthesizing an azo compound 
which would give a tertiary benzylic radical and a primary 
benzylic radical on decomposition. Such a system would be 
Beratted to give different cage effects, and rates of 
rotation and coupling, from those obtained for (-)-7. It 
was anticipated that the rates of rotation and coupling 
would be different, also the size of the cage, which would 
be reflected in a change in the degree of retention. 

In the decomposition of (-)-7 in the presence of 
thiol scavengers, racemization of both starting material 
and product was possible through hydrogen atom abstraction 
Brom the optically active centre. In the case of a 
tertiary alkyl radical, such a racemization would no longer 
be possible. 

The system chosen for study was 1,1'-diphenyl-1l-ethyl- 
methylazomethane. 

He: 
C6H,-C-N=N-CHy-C¢Hs 
CoH 
Since this system was substituted on the oh-carbons to a 
greater extent, decomposition will occur at lower tem- 


peratures than was the case for (-)-7. 
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RESULTS 


Synthesis of 1, 1'-diphenyl-l-ethyl-1-methylazomethane 


This synthesis was carried out as shown in Scheme XV. 
This was the method devised by Overberger and DiGiulio for 
the synthesis of unsymmetrical azo compounds (77). 

Methyl ethyl ketone ketazine, 23, was synthesized as 
reported (77) and allowed to react with phenylmagnesium 
bromide for five days to yield methyl ethyl ketone 2- 
phenyl-2-butylhydrazone, 24. 

Hydrazone 24 was not purified, but was hydrolyzed 
directly with oxalic acid dihydrate to yield 2-phenyl-2- 
butylhydrazine oxalate, 25. The oxalate, 25, was treated 
with excess potassium hydroxide solution and following 
extraction of the hydrazine into ether solution and evapo- 
Bowron, Of the solvent, the residue was distilled to yield 
2-phenyl-2-butylhydrazine, 26. Compound 26 was identified 
Petco eiem.r. spectrum and comparison of its, refractive 
index with that reported (78 ). 

Compound 26 was converted to benzaldehyde 2-phenyl-2- 
butylhydrazone, 27, by stirring stoichiometric amounts of 
26 and freshly distilled ee aie together in ether 
solution in the presence of anhydrous magnesium sulfate. 


The hydrazone was obtained as a yellow oil which was used 


directly in the next step of synthesis. 
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Scheme XV 
CH3 CH3 CH3 
| 1. C-H-MgBr 
65 9 
Ge@ecetNH5-NHij —————-> C=N-N=C aera 
| | | 2. NH,Cl 
CoHs CoH5 CoHs 
8) 
CH3 CH3 CH3 
i | \.~ (COOH) -2H20 | KOH 
29-9 ee ee ~G.NH- : WT aS 
C¢H_-C-NH-N=C Sa r NH-NH, - (COOH) 5 
gH. oc CoHs 
24 25 
CH3 i CH3 
| CgH5-C=0 H,/Pd 
C¢H._-C-NH-NH, - > C 6H. -C-NH-N=CH-C¢H., a 
| MgSO, | 
Cos CoHs 
26 27: 
CH3 CH3 
0 
CgH--C-NH-NH-CHj-CgH; ———> Seseep rs eee 
CoH CoHs 
£43) 2g 
(COOH) 5 
CH3 
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“Hydrogenation of 27 proceeded smoothly in the presence 
of 5% palladium on charcoal to yield 1-(2-phenyl-2-butyl) - 
2-benzylhydrazine, 28. This result contrasts with that 
for acetone 2-phenyl-2-butylhydrazone which could not be 
hydrogenated to the corresponding hydrazone in the presence 
Suevarious metalscatalysts’ ( 8). 

The structure of 28 was confirmed by its n.m.r. 
spectrum. Compound 28 could be converted to its oxalate 
salt, 30, by allowing it to react with oxalic acid ina 
minimum of ethanol. It could also be isolated by distil- 
lation under reduced pressure, provided the proper pre- 
cautions to avoid its oxidation were taken. 

Oxidation of 28 to 1,1'-diphenyl-l-ethyl-l-methylazo- 
methane, 29, was effected by the oxygenation technique al- 
ready described. Compound 29 was obtained as a yellow oil. 
Its structure was confirmed by its n.m.r. spectrum. This 
spectrum also confirmed its purity since no extraneous 
peaks were in evidence. A u.v. spectrum of 29 had a weak 
maximum absorption at 3700°A, which is in the correct 
region of the spectrum for azo compounds. An absorption 
was also observed at 2800 - 3000°A. This was undoubtedly 
due to the presence of a minute quantity of the hydrazone, 
27. However, the amount of 27 present was less than 1% 
(assuming €= 15000 for 27). Azo compound, 29, also gave 


a satisfactory elemental analysis. 
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Synthesis of optically active 2 


— 


In principle, compound 29 can be obtained optically 
active either by preparing it from optically active 26, 
or by resolution of 28. Resolution of 26 to 80% optical 
purity had been achieved by Cram and Bradshaw ( 78) 
through the formation of the dibenzoyltartrate salt and 
fractionally crystallizing this from aqueous solution. 
This method of carrying out the resolution was very slow 
anasvery inefficient, so that another method of carrying 
Suc the resolution of 26 or a method’ of resolving 28! was 
sought. However, no better method was found for resolving 
26 and none at all for 28 so that Cram and Bradshaw's 
method was used. 

Compound (+)-26 was recovered from the resolution in 
poor yield. The optical purity of the recovered hydrazine, 
(+)-26, was 26%. Conversion of (+)-26 to (-)-29 was 
Carried out as described for racemic 29. The absolute 
configurations and rotations of the optically pure com- 
pounds are shown in Scheme XVI. Conversion of (+)-26 to 
(-)-29 established that they belong to the same series 
ee. , the R series. The absolute configuration and the 
optical rotation of optically pure (+)-26 was determined 
by Cram and Bradshaw ( 78) by degrading ({+)-26 to the 


corresponding (+) -2-phenyl-2-butylamine which in turn was 


synthesized from optically pure (-) -2-methyl-2-phenyl- 
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Scheme XVI 
1. CgH5CHO 
2. H5/Pd 
ee NS _-C-N=N-CH)-C He 
CH3 CH 
Be (+)-26 R-(-)-29 
of7? = +13.6° (meat, 1 1 am) [ou 25 2-489 a? 
546 on D 
(c 5.4, benzene) 
Eales = -65.5° 
Ho iP t 
(c 5.4, benzene) 
CoH : CoH 
Se 1. socl, NY 
GY WE Sees a _--¢-COOH 
CoB. eve HN3 CoHe 
CH3 3. A CH, 
R-(+) -2-phenyl-2-butylamine R-(-)-2-methyl-2- 
phenylbutanoic acid 
erey, = fe) 2.3) oe O 
eae = t18-2° (neat, 1 1 am) [ol]2? = +30.2 


(c 5, benzene) 
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butanoic acid by the Curtius reaction. The absolute con- 


figuration of this acid had been established (109). 


(+) -29 

In the resolution of 2-phenyl-2-butylhydrazine, the 
mother liquor from the first recrystallization was evapo- 
rated to near dryness and the dibenzoyltartrate was broken 


up by the addition of potassium hydroxide. The rotation 


of the hydrazine, (-)-26, was taken, leas = -2.04° (neat, 
eyecdm):e Therefore »hitywas-l5%hoptically ptre. Conversion 


of (-)-26 to the dihydrazine, 28, was carried out. This 
was not isolated but converted directly to the oxalate. A 
poor yield of the oxalate was obtained. This was converted 
to (+)-29 whose rotation was taken, [ou £ = +27.96° 

(c 1.25, benzene). This was 56% optically pure. A 

further batch of the oxalate, 30, was obtained but this 
yielded almost inactive 29. The dihydrazine oxalate, 30, 


had undergone spontaneous resolution. 


Hydrocarbon coupling products 


Decomposition of 29 gives rise to benzyl radicals and 
2-phenyl-2-butyl radicals. If: random coupling takes place 
the products would be bibenzyl, 1,2-diphenyl-2-methyl- 
butane, 35, and meso- and dl-3,4-dimethyl-3,4-diphenyl- 
hexane, 42 and 43. Of these coupling products, bibenzyl is 


available commercially and samples of the isomeric sub- 
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stituted hexanes were donated by a colleague (103). The 
major coupling product, 1,2-diphenyl-2-methylbutane, ay 
was synthesized. As well as undergoing the coupling 
Feaction, a benzyl aie 2-phenyl-2-butyl radical can 
disproportionate to give toluene and three isomeric 2- 
phenylbutenes. Also, a pair of 2-phenyl-2-butyl radicals 
can give these olefins and 2-phenylbutane as the products 


of a disproportionation reaction. 


Synthesis of 1,2-diphenyl-2-methylbutane, 35 

This compound had been synthesized previously by Cram 
and Allinger (113). A modification of the reaction path- 
way employed by these workers was used. An outline of 
synthetic sequence is shown in Scheme XVII. 

Methylation of 2-phenylbutanonitrile was carried out 
by using sodium hydride and methyl iodide (116). The 
resulting 2-methyl-2-phenylbutanonitrile, 31, was isolated 
and distilled. The structure of this compound was con- 
firmed by n.m.r. analysis. 

Compound 31 was converted directly to 1,2-diphenyl- 
2-methyl-l-butanone, 32, by treating it with phenyl- 
Magnesium bromide. The puelaseor 32 were not good and a 
substantial amount of unidentified side-product was formed. 
However, 32 was separated Megity from this by distillation. 


The structure of 32 was confirmed by its n.m.r. spectrum 


. 7 wn ie : Yoo 
; ’ ci 75 ©, a vital _ 
ati? «(2029 PTR ted. bee 
‘ T3. at, 


& .enasudiyd? acres nee itns 


: 
. 
Fay 
a 
3 
td 
ae 
7 
z 
& 
ww 
D 
mw 
: 
_* 


y fewtbax “hea ~ bynsita-s 5 ban in 5 
ef Psi k- 
eile 


-$ siveuess oer “tne eeulos ovig, zc) hie 
e i : 


iisnibex Ey ud S=Denede—s 0 xis 5 oath 2m 


ia . Ss 
asouhozsg ef2 gs onsvadtyanda-S ‘Ses eainase > oh . 


\ 


ar 


; 
90i3360% nolsunok —_— 
. es Ag 

yy 
2% onieeetht yrl4 e an- 5 Lyaadlgib Sy By: 


a a a ors 


- ° ° * Py Pe. = 

mi vi ylevomterg teggeotiave nsod bart | Sawogmes 4 

7) ,@ nm et 

. ; i 8) mae, 

- -WYeqg motives. ot: Ge aeissolzibon Av easy: er “a 
re : > a 

tc 1h (Een Sew 37 oxo ae 


oa = 


en a am * =< a 
.£9NK onsise ni awone ef SonsUp 


a 


)> DELIIs° BewW be sidan nossivd i fas oo ~~ 20: er Bd 
PL . (£5) 66 te ti Dettsn Ors vbrabeA mua 


bots faet saw Ee vada trent sudtyeongyS-f ra tom~ S 


— 


a eyes 


sew Sawegmo> an to exusouxt« eit 


_ 


i 7 ; 7 7 ; 
is ¥ ; a yah a 
~fysnorgid-S yt 2 wlaseaab: Bi sovnibs 8 
aeree ithe dé gabiaons ya a 
iyo’; f'n 


s brs bos B #on are “id ga 
. bemie2 2sw feihks 2 | Seliisa ebiosr to Ae 

; re » , “oe 
noi rents Jet By yet 


my taoage 


6 


H 


-CH-CN 


a 


CoHs 


CH3 
NaH, CH31 | 1. CgH.MgBr 
meh esa > Ceis—C-CN > 
| 2. NH4cl 
Coie 
oi 
CH3 OH 
1. LiAlHy 1. K 
eee > Cols-C— HC oie, jas ee 
2’, H30° ae TsCl 
CoHs 
33 
CH3 
LiAlH, | 
2Hs 
35 


~ 146 - 


Scheme XVII 
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and comparison of its boiling point and refractive index 
with those previously reported (113). 

The ketone, 32, was reduced with lithium aluminum 
hydride to the diastereomeric mixture of alcohols, 1,2-di- 
phenyl-2-methyl-1l-butanol, 33. The n.m.r. spectrum of 33 
was consistent with the structure proposed for the com- 
pounds. The distilled product was a colorless and very 
viscous liquid. The refractive index as reported for this 
mixture varies considerably and the refractive index ob- 
tained was fractionally different from that reported (113). 
The variation in refractive index is undoubtedly due to 
different ratios of the two diastereomers being: obtained 
in the various reactions. 

fone alconol, 33, was converted to the corresponding 
1,2-diphenyl-2-methyl-l-butyl p-toluenesulfonate, 34, by 
the method of Cram and Allinger (113). This consisted in 
treating the alcohol with potassium metal in refluxing 
solvent, followed by treatment of the alkoxide with 
p-toluenesulfonyl chloride. The crude tosylate was 
isolated, but was not purified. The crude tosylate was 
treated directly with lithium aluminum hydride for several 
days. The product of the reaction was isolated and 
purified by preparative g.l.c. The product, 1,2-diphenyl- 
2-methylbutane, 35, was identified by its n.m.r. spectrum 


and by comparison of its refractive index with that 
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reported (113). The n.m.r. spectrum showed some 
Peeeraneous peaks at { 5.0-5.5 and T8.3-8.5, due to a 
small amount of impurity. 

This method was used by Cram and Allinger to syn- 
Thesize optically active 35. However, it was felt that 
the optical purity of this compound was open to some doubt. 

There are several possible routes by which 
Bacemizationjmight take place. In the formation of 34, 
Beeealconol, 33, was converted to the alkoxide by treating 
it with potassium in refluxing benzene. Alkoxides of this 
kind are known to be capable of undergoing a cleavage- 
recombination process (117) by a radical or an ionic path- 


way as shown below. 


CH3 On le i 
> eA H 
uEaeewnCae sca CH-C,H. 
CoHs CoHs 
CH3 om Tie 
— e oe _ 
C¢H.-C-CH-C¢H. CeH_-C CH-C¢H. 
CoHs CoHs 


If either of these processes were going on, then some 
racemization would be a possibility. 
The conversion of the tosylate, 34, to the hydro- 


carbon, 35, may also be accompanied with some rearrangement 
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via a carbonium ion as shown below. 


H3 OTs ia 


; + 
2 maa men CpHp CU -CHaGe He 


CoH / CoHe 


CH3 CyHs CH3 CoH. 
H-€-CH-C¢Hs p cate SS +C-CH-C¢He 
Ce Hs CeHs 
+ 
C2 Hs 


A rearranged hydrocarbon would be isomeric with 35 and may 
be quite difficult to separate from it. 

An alternate route to hydrocarbon 35 which avoids 
these possibilities was sought. One such route is outlined 
in Scheme XVIII. 

2-Phenylbutanonitrile was alkylated with benzyl 
chloride to yield 2-benzyl-2-phenylbutanonitrile, 36. The 
nitrile, 36, was then hydrolyzed to the acid, 2-benzyl-2- 
phenylbutanoic acid, 37. The n.m.r. spectrum of 37 was 
consistent with the structure proposed for the compound. 

The acid, 37, was converted to the alcohol, 2-benzyl- 
Se 38, by treating it with lithium 
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Scheme XVIII 
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aluminum hydride. The product was a colorless, viscous 
liquid which was then treated with p-toluenesulfonyl 
chloride to yield 2-benzy1l-2-phenyl-1-butyl p-toluenesul- 
fonate, 39. Treatment of 39 with lithium aluminum hydride 
was expected to yield the hydrocarbon, 35. However, the 
meaauct was not 35 since its g.l.c. retention time did not 
Peumicade wreh> that-of 35. The identity of the product was 
not pursued, but it was probably a rearrangement product 
via a carbonium ion. Another possibility is the oxygen- 
sulfur bond rather than the carbon-oxygen bond was broken 
in the hydrogenolysis. 

A third method of Ponibestaing the hydrocarbon, 35, 
is outlined in Scheme XIX. 2-Methyl-2-phenylbutanoic 
acid, obtained by the hydrolysis of the corresponding 
nitrile, 23, was converted to the acid chloride. Treatment 
of the acid chloride with diphenylcadmium yielded the 
ketone, 32. Conversion of 32 to the alcohol, 33, was 
carried out as already described. Alcohol 33 was converted 
to its methyl ether by treating it with methyl iodide and 
sodium hydride while cooling the reaction flask in an ice- 
bath. The product, 1,2-diphenyl-1-methoxy-2-methylbutane, 
40, was isolated and was identified by its n.tmr: spectrum. 

Compound 40 was treated with sodium-potassium alloy. 
On addition of the alloy a reddish precipitate formed due 


to the formation of the benzylic anion. The metallated 
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Scheme XIX 
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benzylic hydrocarbon was converted to 1,2-diphenyl-2- 
methylbutane, 35, by the addition of methanol. G.l.c. 
analysis of the reaction mixture revealed that the ether 
had been largely converted to the hydrocarbon. The hydro- 
carbon was purified by preparative g.l.c. (SF 96 column). 
The n.m.r. spectrum of this product was consistent with 
the structure proposed and was almost identical with that 
of the product obtained by the method of Cram and Allinger, 
except that the extraneous peaks observed in that spectrum 
were absent. 

The stereospecific synthesis of (+)-35 was then 
carried out starting from 98% optically pure 2-methyl-2- 
phenyl butanoic acid, using this synthetic sequence. The 
optical rotations and absolute configurations of the com- 
pounds are shown in Scheme XIX. The rotations of 35 
were measured at three wavelengths and were [oe] 5° Sag. A136 
= +78.3°, +94.7° and +178.5° (c 4.7, benzene). An o.r.d. 
spectrum of (+)-35 was also recorded. The optical 
rotation of (+)-35 obtained by Cram and Allinger was 
ot = +67° (neat, 1 1 dm). Since the conditions under 
which the two values were measured differed a direct com- 
parison could not be made. However, if solvent effect is 
negligible, there does Eeraar to be a significant differ- 
ence between these values, since the density of 35 will 


be very close to 1.0. 
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Correlation of absolute configurations 

Since the configurations of both (-)-29 and of (+)-35 
have been related to (-)-2-methyl-2-phenylbutanoic acid 
(Schemes XVI and XIX ), the stereochemical outcome of the 
Meaction is readily .found. . Decomposition of .(-)-29 ,to 
coupling product with overall retention of configuration 


would give (+)-35 as product as shown in Scheme XxX. 
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Kinetics of decomposition of 29 


The rate of decomposition of 29 was followed by ob- 
serving the rate of evolution of nitrogen. The equipment 
and technique for measuring the rate of decomposition of 
22 was the same as that used in the decomposition of 7. 
Typical rate data are presented in Tables XIII and XIV and 
plots of these data are shown in Figures V and VI. 

Since azo compound 29 is a more highly substituted 
One that azo compound 7, it was expected to decompose at 
memucn faster rate.~ In fact, a~tenfold increase in rate 
was observed at 110°C. The temperatures of decomposition 
meeoewere lower. than those for 7: 

The deviation from linearity in the plots of 
log (Noo _-Vo) versus time is less than that observed in the 

(Yo -Vz) 
decomposition of 7. This indicates that less rearrange- 
ment is occurring during the decomposition of 29 than 
during the decomposition of 7. This is also evident from 
the yields of nitrogen obtained. Details of the decom- 
positions are presented in Table XV. From the sparse re- 
sults obtained, activation parameters were calculated. 
These values are tentative since little confidence can be 


placed in activation parameters based on so few results. 
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TABLE XIII 
Rate Data for the Decomposition of 


1,1'-Diphenyl-1l-ethyl-1l-methylazomethane, 29 


Temperature, 164°C Solvent, Cumene 


(Vs -Vo) calculated = 13.2 ml 


Time (Yo -V,) (WY -V.) k 


log ise neha sh 
(min. ) (Vey -V_z) sec7l 
0 1352 0.0 
3.0 12.9 0.0100 
9.0 12.35 0.0290 
18.0 11.6 0.0561 
24.0 11.15 0.0734 
45.0 9.65 0.1361 ee Ce ee 
54.0 9.1 0.1616 
64.0 8.55 0.1886 
74.0 8.00 0.2175 
84.0 7.55 0.2427 
114.0 6.3 0.3213 
129.0 5.8 0.3572 
144.0 5.4 0.3882 
174.0 4.65 0.4531 
210.0 4.1 0.5078 
810.0 (o) a61 


isis nnn 


my 


*-O1 «x Eful 


LET SS AT RT a 


a. (v= 7 7 7 
run Sti, 


7 =x 


' i 
a8 
A 

: , 

8 P . 

- . 


: ef = ' 
” eC 
: 2€.85 a af ai at is 
: “s Fo m3) 
0-1 iol san 
: | 7 \ 
, Bb 


ON te ‘a 
tue Rand tee 
| { - ie 


# 
<> 


- 157 - 


TABLE XI 


V 


Rate Data for the Decomposition of 


1,1'-Diphenyl-1-ethyl-l-methylazomethane 


Temperature, 


86.6° 


(Vay -Vo) calculated Se ed sg TD 


Time 


(min.) 


60 
130 
180 
hs te 
300 
360 
450 
570 
720 
960 

1290 
1470 
1650 


3500 (6 ) 


Ne een” 


(Veo -Vt) 


log 


Solvent, 


(Va -Vy) 


0.0 
0.007 
0.140 
One be 
0.0454 
0.0630 
0.0897 
0.1048 
Oekzou 
eo 
TP aS ARS: 


0.2401 


°0.3045 


0.3844 
Ga4237 


0.4619 


(V5 -Vo) 


Cumene 
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TABLE XV 


Rate Constants for the Decomposition of 


1,1'-Diphenyl-1l-ethyl-l-methylazomethane, 29 


Temperature 295M Moles N,* k x 10°, sec! 
Rc 
BOS. 7 0. 16 0.85 jaa) 
OF17 0.93 UP geo 
86.6 O2L6 Dest = te tape 
At 103.7°c, AH = 33.1 kcal/mole, AS = 14.7 e.u. 


* Moles of Np per mole of 29 
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Product Analysis 

It was expected that the decomposition of 29 would: 

yield as products bibenzyl, 1,2-diphenyl-2-methylbutane, 

35 and meso- and d1-3,4-dimethyl-3,4-diphenylhexane, 42 

and 43, as a result of random coupling of the benzyl and 
2-phenyl-2-butyl radicals which are generated in the decom- 
position. These same radicals can also undergo dispro- 
portionation reactions to yield toluene, 2-phenylbutane 

and the three isomeric 2-phenylbutenes, cis- and trans- 
2-phenyl-2-butene, and 2-phenyl-l-butene. 

In order to find out if these products were formed, 
azo compound 29 was decomposed and the resulting product 
mixture analyzed by g.l.c. Initially, analysis was carried 
out at a high column temperature (200°) in order to observe 
the coupling products at reasonable retention times. In 
the first instance, a benzene solution of 29 was decomposed 
in the injection port of the fractometer. Three peaks ap- 
peared on the chromatogram which had retention times iden- 
tical to authentic samples of bibenzyl, 35 and meso-3,4- 
dimethyl-3,4-diphenylhexane, 42. The same retention times 
were also observed when decomposed solutions of 29 in 
cumene, benzene and pentane were injected onto the column. 

The spent solutions of 29 from the kinetic runs were 
Seactionated=by*g.1l.c. and the product, which gave a peak 


of the same retention time as 35, was isolated. An 
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weer. spectrum of this product was identical to that of 
35. Temperature programmed g.l.c. analysis (100-200°) of 
the benzene and pentane solutions revealed the presence of 
toluene and a number of overlapping peaks. These peaks 
had the same retention times as 2-phenylbutane and the 
isomeric 2-phenylbutenes. 

The relative quantities of the various products. formed 
ne tne decomposition were calculated from g.l.c. analysis. 
Because the peaks due to 2-phenylbutane and the isomeric 
2-phenylbutenes were so crowded it was impossible to get 
an estimate of the relative quantities of these materials. 
However, a tentative estimate of the sum of these products 
would be about 25% of the total. The relative quantities 
of the coupling products formed in the decomposition of 
29 are shown in Table XVI. 

It is interesting to note that the ratio of 42 + 43/ 
bibenzyl is equal to 1.8. This is a larger value than 
that obtained for the corresponding ratio in the decom- 
position of 7 which was equal to about 1.5 at this con- 
centration. The quantity of toluene is not a reflection 
of the amount of disproportionation between benzyl and 2- 
phenyl-2-butyl radicals since a large amount Ofer. 
probably arises through abstraction of hydrogen atoms from 


molecular species. 


c 


Git 


Pal me C 
ee eee 
ttnebi aaw iteiadinkee: cide 3 
SX 
“Ts 
Ol) steylens sosl.e bemestpeng 
Bits 4 
sex ‘+ befeever adold itor anes aq ‘SOReN 
= i? é 
cy (weg paiquél«eve to xedaua: 5 bass 
4 =e he M 
r Lk eee mer 2 
8: 6 enacutiyreig-+-S en eeris nol Nepean w 
a, ie >s 
senda tyme ° 
o1 stupbotqg avoltsv Ome Bo esis tineup evil 
‘ a Hh bah 
5s .o.t.p mont Begelunicos o16w aotsiaog * 
Lxemoa i- arts hes edptudiynedq-§ of syd etseq odd set 
Se 
tasoqmt eww ai Sebwot> ce stew een ud lyn 
i mea ‘1 oe 
, - p : P re : 
f Sjar geen? 20 265753 I ttslex serie 20. mise ; 
= ‘ 1 a. it 
7 Bort wit Yo ave S83 35 sdsuttes oviststnst” —— 
e: z “eS Kt) 
é b> aviseler sat -it2c3d sris 40 wee svod 
; hy 
© nel’ ecqmo sab er mb fem2c2 esouboag pra 
vx sidsT ‘nt 
2 SP io O88 i sr S6AF ado c+ eelsentah 
'§ sulev tags 6 @f er dT 
fO72eaeh f 


t+¢ 


8.1 oF supe 
aL O£Fmr , pribroge 1S ET OD: ods x08 


five 


¢.1 gyode 07 isupe enw doteh 
elins « son Bt vaneut ina ta v2.k9naup 


19d nope at _neigonntsroxenge A 
Ji Yo Soman: 4 wiel « 


veins 
* 5 ad ie os ¥ 
be 
mos enots ssovonbed Po #8 
iad 
7" * 


- 163 - 


TABLE XVI 


Product Distribution* from the Decomposition of 29 at reo? 


Solvent PAE soa Bibenzyl S. 42 +43 ‘Toluene 
Mx 1072 

Pentane 1.4 Ey. 49.2 2176 16.0 
Benzene the a 14.8 al Sogge. 27.9 

14.2 57.4 25.05 

14.3 60.0 Phe yg = 

14.8 60.2 24.8 

ATS ye? yee 22 Eos 


* About 20% of total products unidentified, distribution 


expressed as relative yield Ey per cent. 
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The scavengers which were used in these experiments 
were butanethiol and thiophenol. These scavengers were 
expected to eliminate random reactions between benzyl and 
2-phenyl-2-butyl radicals outside the solvent cage, since 
these compounds react rapidly with radicals by donating a 
hydrogen atom to them. 

Decomposition of 29 in the presence of butanethiol 
Was performed and-g.1l.c. analysis of the product mixture 
showed that peaks due to the symmetrical coupling products 
are absent, as expected, from the chromatogram. 

The analysis also revealed that toluene and 2-phenyl- 
butane were present in considerable amount as a result of 
reaction of the radicals with the scavenger. Also present 
was the unsymmetrical coupling product, 35, which was 
formed in the solvent cage. Unfortunately, a large number 
Of other products were formed. Most of these eluted 
between 2-phenylbutane and 35. Among these was one which 
had the same retention time as 35 when an SF 96 column was 
used. This unexpected product was isolated by g.l.c. 
using a Carbowax 20M column. It was a white solid and was 
identified by its n.m.r. spectrum which was identical with 
that reported for trans-stilbene (118). A discussion on 
the possible routes by which this and other unexpected 


products arise will be given later. 
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When thiophenol was used as a scavenger, the relative 
amounts of these by-products were reduced by about one 


alt. 


Suercochnemical results 

The procedure by which optically active 29 was decom- 
posed and optically active 35 recovered from the product 
mixture was more or less the same as that reported for 
(-)-7 in Chapter I. However, since (+)- and (-)-29 are 
very difficult to obtain, the experiments were carried out 
on about half the quantities used in the decomposition of 
(-)-7. In all the experiments involving scavenger, butane- 
thiol was used and was present in about a one molar 
concentration. 

sanceluthe optical purity of the starting materral,e29, 
was low and yields of 35 were also low, it became apparent 
that a notable error might exist in measuring the specific 
rotation. Therefore, this was measured at three different 
wavelengths. | 

The results obtained from these experiments are 
Presented in Table XVII. It can be seen from the table 
that (-)-29 gave (+)-35. Therefore, the decomposition 
proceeded with net retention of configuration. The net 
retention of configuration was calculated for the result 
at each wavelength and an average taken. the spread of 


results usually does not exceed 10% of the average. 
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DISCUSSION 


Minerics, of decomposition of 29 

The rate constants for the decomposition of 29 were 
calculated in the same way as described for the decompo- 
sition of azo compound 7. Pa evo) was plotted 

TT) (Veo -V;) 
against time, where (Vg -V,) was the calculated rather than 
the observed value. The rate constant was then found from 
BueeeeitialySlope of the plots. Typical data are presented 
in Tables XIII and XIV and the plots are shown on Figures 
Viand VI. The deviation from linearity in these is less 
than was observed in the plots obtained from the data on 
the decomposition of tee The Vrelas (OL nitrecenedtor cso 
higher in these decompositions. These are presented in 
Table XV. The higher yields of nitrogen indicate that 
isomerization is less important during the decomposition 
of 29 than it was during the decomposition of 7. 

The rate constants for the decomposition of 29 are 
presented in Table XV. Tentative values for the 
activation parameters were calculated and are included 
miesiLle table. 

The question now arises as to whether decomposition 
of 29 is a concerted process in which a pair of radicals 


and a nitrogen molecule are generated simultaneously, or 


whether it is a stepwise process in which one carbon- 
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nitrogen bond is broken in the rate determining step, fol- 
lowed by a rapid loss of a nitrogen molecule from the 
resulting diazoalkyl radical. 

In Table XVIII are listed compounds which have certain 
features in common with 29, and their rates of decompo- 
sition and activation energies. For a concérted decom- 
Boca, the alkyl groups substituted on both carbon atoms 
alpha to the nitrogen atoms contribute to the lowering of 
the activation energy for decomposition. In a stepwise 
decomposition theralkyl groups on only one of the two 
G-carbons would be instrumental in lowering the acti- 
vation energy. 

Seltzer and coworkers (55) have pointed out that, in 
the case of symmetrical azo compounds, decomposition pro- 
ceeds by a concerted pathway. They have also pointed out 
that the greater the difference in stabilities of the 
incipient radicals, the more probable a stepwise mechanism 
for decomposition becomes (56,57). Therefore, 2-phenyl- 
2,2'-azopropane is the most likely compound listed in 
Table XVII to decompose by a stepwise mechanism. If this 
compound does decompose by such a mechanism, then clearly 
29 cannot, since there is a large difference in activation 
energy for decomposition between these two compounds. 
Also, the activation parameters for 29 and 1,1'-diphenyl- 


azoethane would be expected to be similar, ¢£ decomposition 
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TABLE XVIII 
Rates and Activation Enthalpies for 


Structurally Related Azo Compounds 


Compound F diet sec’ Aut Reference 
kcal/mole 
Sore ses ae-OeHs 3.06 xukOFted 42920 48 
Gig: beGH3 
CH, | 
aA ; 
GC -N=N=CH. -C--H ee ae 8.0 cy This 
65 i 207655 ra 
CoHs 
CH3 H3 
<5 
C¢H,-CH-N=N-CH-CgHs Sol 32210 Chaar, 52 
CH3 CH3 
C,H.-C-N=N-CH UES teat a cat 119 
CH; CH; 
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* Specific rate constants extrapolated to 103.7°C 
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Greegeis concerted, since the total of substituents on the 
of-carbons is the same in each case. This is indeed the 
Caiseneasecan be seen in Tableixviti. The conclusion to. be 
drawn from these comparisons is that decomposition of 29 


is most probably a concerted process. 


Product distribution from decomposition of 29 

Compound 29 decomposed to yield all of the expected 
products. These arise from tne various radical-radical 
reactions which take place as outlined in Scheme XXI1. 

The benzyl and 2-phenyl-2-butyl radicals generated 
in the decomposition may react in the solvent cage to give 
1,2-diphenyl-2-methylbutane, 35, by coupling and toluene 
and a mixture of isomeric 2-phenylbutenes by dispropor- 
tionation. They may, however, diffuse to generate two 
free radicals which then react in a random manner with 
other radicals to yield 35, bibenzyl, and meso- and dl-3,4- 
dimethyl-3,4-diphenylhexane, 42 and 43, by coupling re- 
actions outside the cage. Two disproportionation reactions 
ean also occur outside the cage yielding toluene, 2-phenyl- 
butane and three isomeric 2-phenylbutenes. The rate 
constants for the coupling reactions outside the cage are 
not known. However, they were expected to be similar. 

It might be expected that the rate of coupling of 


2-phenyl-2-butyl radicals would be slower since these are 
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Scheme XXI 
CoH Cn 
2 
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2 Ce6H5-C° ——-—> C.H.-C-H + CeH_-C=CH-CH3 ~ Cone cn ec83 


CoHs CH CH3 CH 
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tertiary benzylic radicals and are, therefore, stabilized 
by resonance and hyperconjugation. There was also a 
possibility of steric hindrance to recombination. However, 
it has been reported recently (120) that the rate of 
coupling of cumyl radicals is faster than that of benzyl 
Fo0chGals) sO that Other factors besides stability of the 
radicals and possible steric effects are involved in these 
reactions. 

Completely random coupling outside the solvent cage 
should give a ratio of 42 + 43/bibenzyl which should be 
equal to one. Decomposition of 29 in benzene and pentane, 
however, On g.l.c. analysis. revealed that this’ ratio:was 
instead close to two. The data ae the decomposition are 
presented in Table XVI. The reasons for the deviation of 
this ratio from the expected value are not quite clear. 
Presumably, the same effect as was observed in the decom- 
Ponti ono Ais epGesentahere, namely, that the benzyl 
radicals are being consumed by reacting with molecular 
species in the solvent. This was not checked, however, by 
studying the decomposition at different concentrations. 

The degree of disproportionation between benzyl and 
2-phenyl-2-butyl radicals could not be determined from the 
product analysis, since some of the toluene observed may 
have arisen by abstraction of hydrogen atoms from molecules 


in the solvent. The degree of disproportionation between 
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2-phenyl-2-butyl radicals could not be determined either, 
Sree ste "Gel. oc. peaks due toethe products from this 
reaction were overlapped on the chromatogram. 

The formula derived in Chaptexr,L. from, calculating 


tien cage ettects from the “product distribution is: 


so~-(brbenzyl’+ 2 +43) 
35+ (bi-benzyl +42 + 43) 


% cage effect = See) 


However, che value or calculating the cage effects from 

the product distribution obtained is questionable since 

the product distribution is seen not to be statistical in 
nature and the relative amounts of products from the two 
disproportionation reactions are not known. The values for 
tie "Gage*efiects basedron the coupling products, relative 
yields of bibenzyl, 35, 42 and 43, were found to be 17.3% 
for pentane and an average value of 18.1% for benzene at 


10%: 


Geue e fects, calculated trom the product distribution 
obtained from scavenged decompositions 


De-Omoosi tign Ole 2ounethie presence of a, thiol 
Vielaed.3o5 in the solvent cage. Radicals escaping the 
cage were expected to react with thiol molecules by 
abstracting hydrogen atoms from them. This generated 


toluene and 2-phenylbutane. 
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The cage effect is*calculdted according to the 


equation derived in Chapter I: 


| 35 
% cage effect = =——————-__ x 100 
35 + 2-phenylbutane 


The results obtained are presented in Table XIX. The 
accuracy of these results are dependent on the scavenger 
reacting in the manner which was predicted for it. The 
thiol was expected to donate a hydrogen atom to the radi- 
cals escaping the cage. The resulting thiyl radicals were 
then expected to couple to generate the corresponding 
disulfide. 

In actual fact, a large number of products were 
formed besides those expected. These abnormal products 
were not identified except for one which had the same re- 
tention time as 35 when the SF 96 g.l.c. column was used to 

fractionate the mixture of products. This was isolated 

and identified as trans-stilbene by comparison of its 
n.m.r. spectrum with that of authentic material (118). 

These additional products might have arisen through 
reactions of the thiyl radicals. The generation of aceto- 
phenone azine in the decomposition of 1,1'-diphenylazo- 
ethane in the presence of octanethiol has been rationalized 
by Bickel and Kooyman (99) as being due to successive 


abstractions of hydrogen atom from the azo compound by 
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TABLE XIX 


Product Distribution* and Cage Effects 


from the Decomposition of 29 at 110°C 


Solvent [rnioa], Toluene 2-Phenyl- 35 # Cage 
M butane 
Pentane- Tae 36 a5) 25 625 154% 
thiophenol 
39.5 BoD Ga2 14s 
S062 2952 AA 10S te 
Benzene- 0.97 14.3 A533 23 
thiophenol 
S200 O35 23 
Pentane- 0.85 20.4 4.7 Lee 
butanethiol 
chsh 9.7 20 
EB UES 4.6 eves 
Sic 9.7 Z0* 
Benzene- 0.84 L267 6.9 35 
butanethiol 
Lavo aie 36. 
Butanethiol 9.-/7 33 9.8 23 
738.4 P34 Phas 
34.6 127 no. 
S04) 7 10.6 Bie 
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TatVieredicais. If this ratronalization is*correct, this 
would mean that the radical generated after the abstraction 
of the first hydrogen atom must be particularly stable 
otherwise it would not survive sufficiently long in the 
presence of octanethiol so that a second hydrogen 
abstraction could take place. 

The radical generated in this way from 29 would also 
be quite stable, and furthermore, it cannot undergo a 
second hydrogen abstraction. Dimerization of two such 


radicals would give the following compound. 


cH, 
cts btn 


CoH 
275 ct 

CeHo- Sime ace 
e 


2Hs 


Decomposition of this compound could give rise to the 
trans-stilbene observed. 
This radical might also couple with a thiyl radical 

to yield 

CH3 

ee eee pee 

C5H- SR 

Decomposition of this compound would give at least two 


other products. 
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A change of scavenger to thiophenol was undertaken to 
try to eliminate the abnormal products since the thiyl 
radical from this would be resonance stabilized and, there- 
pore, less Jikely to $60 es hydrogen atoms. In actual 
fact, a decrease of about 50% in the amounts of these pro- 
ducts was observed. HOWoegeLeere ws telt that in order to 
get precise data for the cage effects, a scavenger of a 
different nature is required. 

In,Table.Xix, it can be seen that the relative 
yields of toluene and 2-phenylbutane are almost the same. 
Toluene and 2-phenylbutane are formed outside the cage as 
a result of the radicals abstracting hydrogen atoms from 
the scavenger. Toluene, however, can in principle, be 
formed inside the cage by a disproportionation reaction. 
pinee the yields of toluene and 2-phenylbutane are almost 
equal, it follows that the disproportionation reaction is 
negligible. 

A large difference in the cage effects using the 
different scavengers is observed. Since the amounts of 
apnormal products are less in the case of thiophenol, the 
results using this scavenger are probably more accurate. 

This cage effect can also be calculated by a com- 
parison of the rotation of the hydrocarbon recovered from 
product mixture of the decomposition of 29, in the presence 


and absence of scavenger. 
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The formula for this was derived in Chapter I and is: 


% cage effect = re 100 
Ean 
Whereen. |) 2 eno” scavenger 


ke}, scavenger 


For the att pair of rotations available (see Table XVII) 
the cage effect was calculated to be 33%. This must be 
considered a high estimate since no Sterne is.taken of 
consumption of radicals outside the cage by processes other 
than radical-radical reactions. The assumption is also 
made that the radical-radical reactions outside the cage 


give a statistical distribution of products. 


The ratio of coupling of the 2-phenyl-2-butyl radical 


Mena benzyl ‘radical £0 its, rate of rotation, K,/K; 
This ratio can be calculated from the degree of 
retention of configuration observed in 35 recovered from 

the decomposition of optically active 29 and from the 
cage effects. The formula for calculating k,/k; derived 
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The fraction of disproportionation in the solvent 
cage, f£f, is assumed to be zero in this calculation. The 
‘values of k./ky are presented in Table XX. Lt can be 
seen that the value of the ratio depends to a large extent 
on the size of the cage effects. The results indicate that 
the 2-phenyl-2-butyl radical rotates ten to twenty-five 
times fair each time it couples.with .benzyl.radical under 
these conditions. This result is not significantly 
different for that obtained for the of -phenylethyl radical 
generated from (-)-7. 

Since the studies carried out in this Chapter are 
preliminary in nature, any conclusions that are to be 
drawn from it must be tentative. Much work must be done 
in an effort to clean up the reactions, so that more 
meaningful results can be obtained. This is particularly 
true with respect to measurement of the cage effects, and 
of the degree of disproportionation in the solvent cage. 
However, the conclusion can be drawn that no radical 
difference is observed in the rate of rotation in changing 


from gl-phenylethyl radical to 2-phenyl-2-butyl radicals. 
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TABLE XX 


The Ratio of Coupling to Rotation (k,/k;) 


in the Generation of 35 at 110°C 


Solvent Scavenger Cage Effect Retention Ke7K, 
%e % 

Benzene thiophenol 23 12.6* 0.067 
Benzene butanethiol Cis ee Wa Pt als Onl 

Pentane thiophenol 14.1 Lee S* 0.038 
Pentane butanethiol 19.4 1p ES OS05) 
Butanethiol 25; 0 12.G 0.069 
by It is assumed that the optical rotation of 35, which 


is formed in the cage, will not be affected by the 


change in the scavenger. 
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EXPERIMENTAL 


PMecnyl ethyl ketazine, 23 
This compound was synthesized by the method described 

previously (77). To 846 g (12 mole) of methyl ethyl 
ketone dissolved in 800 ml of ethanol was added slowly 

368 g (6 mole) of an 85% solution of hydrazine hydrate. 

The reaction mixture was heated under reflux overnight. 

The reaction mixture was then distilled through a 6" Vigreux 
column. Water generated during the reaction and unreacted 
methyl ethyl ketone distilled over as an azeotropic mix- 
ture. When most of the water. had been removed, about 100 g 
of methyl ethyl ketone was added and the distillation 
repeated. The residue was then distilled, b.p. 162-5° 
(700-710 mm), no? 1.4523 (1it (78) no? 1.4538. 

Pewu.-m-r spectrum (CCl,) had the following peaks: =T 7.7 
lquartet, 2.05 H, J =7.5 Hz) due to methylene-hydrogens, 
T8.0 and78.2 (singlets, 3.0 H) due. to the vinylic methyl 
Hvdrooens and 08.5 (triplet, .2,.9°H. J.=.7.5 Hz) due to 


hydrogens of the methyl adjacent to the methylene group. 


2-Phenyl-2-butylhydrazine oxalate, 25 

This was synthesized peer torn previously (78). A 
solution of phenylmagnesium bromide was made by adding 
340 g (2.1 mole) of bromobenzene to 56 g of -magnesium in 


950 ml of dry ether. A solution of 140 g of 13 was slowly 
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added while the Grignard solution was stirred. When 
addition was complete (1.5 hours), the reaction was stirred 
under reflux for three days. The reaction mixture was 
cooled and added to 400 g of ammonium chloride suspended 
in ice. The organic layer was extracted with ether several 
times. Evaporation of the solvent yielded the crude 
2-butanone 2-phenyl-2-butylhydrazone, 24. This was not 
purified but was added to a solution of 127 g of oxalic 
acid dihydrate in 450 ml of 95% ethanol and 450 ml of 
ether. The reaction mixture was stirred and 2-phenyl-2- 
Doucy ivydrazine oxalate, 25, precipitated as a white solid. 
After ten hours the crude oxalate was filtered off and 
dried. The yield of crude oxalate was 142 g (56%). The 
crude oxalate was not purified but was used directly in 


the next step of the synthetic sequence. 


2-Phenyl-2-butylhydrazine, 26 

Tota “SOLUtIOn.of 13.2) 9g of potassium hydroxide in 
100 ml of water was added 25.4 g of 24 under an atmosphere 
of nitrogen. The reaction mixture was extracted with 
methylene chloride several times and the combined organic 
fractions were dried over anhydrous potassium carbonate. 
The solvent was evaporated and the residue distilled under 
reduced pressure to yield a colorless oil, bD.p. 88° (1 mm), 


ng> 1.5358 (lit (78) b.p. 81-84° (0.4 mm), n25 1.5354) ). 
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The n.m.r. spectrum (CCly) had the following peaks: T2.5- 
3.0 (multiplet, 5.0 H) due to the phenyl hydrogens, T6.91 
(broad singlet, 2.91 H) due to the hydrogens on the nitro- 
gen atoms, 78.4 (quartet, J = 7.5 Hz) and 78.67 (singlet) 
(combined areas 5.2 H), due to methylene hydrogens and 
hydrogens of the methyl group on the benzylic carbon, and 
79.3 (triplet, 3.0 H, J = 7.5 Hz) due to methyl hydrogens 


oft thelethyltgroup* 


Bee rca. Resolution of 26 

The method of Cram and Bradshaw (78) was modified 
in that the solutions of the salt were concentrated during 
recrystallization rathérthan allowing them to stand for 
several weeks. Dibenzoyltartaric acid (79 g) was dissolved 
PO e2siditres ofsboiling distilledowaterjn<Touwthisiwas 
added 36 g of racemic 26. The solution was allowed to cool 
to room temperature. It was then filtered and the clear 
solution was left to stand at about 5°C for about a week 
during which crystals of the salt slowly formed. The yield 
of product obtained was 60 g. On concentration of the 
mother liquor a further 13 g of product was obtained. The 
two amounts were combined and recrystallized from distilled 
water and on gradual concentration of the solution 56 g of 
crystals were obtained. A further recrystallization 


carried out in the same way yielded 22 g of product. 
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Another recrystallization with concentration of solution 
yielded 13 g of product. This was treated with excess po- 
tassium hydroxide solution, and the reaction mixture was 
then extracted with ether several times. The combined 
ether layers were dried over anhydrous potassium carbonate, 
the ether evaporated and the residue distilled under re- 
duced pressure, b.p. 86° (0.4 mm), yield’ 4°25 ¢q. “fhe 
optical rotation of 26 was taken and was found to be 

hie = +3.52 + 0.08° (neat, 11 dm), 26% optically pure 


( 78). The original procedure ( 78), although time con- 


Pemitige lose Detter since 80% optically pure ;26 is obtained. 


Benzaldehyde 2-phenyl-2-butylhydrazone, 27 

Compound 25 (16.4 g, 0.1 mole) was dissolved in 50 ml 
of ether and about 10 g of anhydrous magnesium sulfate was 
meded. The reaction mixture was stirred and 10.6 g (0.1 
mole) of freshly distilled benzaldehyde added. The re- 
action mixture was stirred for several hours and then fil- 
tered. The solvent was removed on a rotary evaporator and 
a yellow oil was obtained. No further attempts were made 
to purify this compound. The crude hydrazone had a refrac- 


tive index of n2° 


1355504and the nvmer? specrrta (CDC13) 
had these peaks: ?2.4-3.0 (multiplet, 11.2 H) due to the 
phenyl hydrogens and the vinylic hydrogen, 74.42 (broad 
singlet, 0.94 H) due to the hydrogen on the nitrogen atom, 


¥8.03 (quartet 2.3 H, J = 7.0 Hz) due to the methylene 
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hydrogens, 78.45 (singlet, 3.2 H) hydrogens of the 
DenzVicemethyiregroups #£ies25 triplet; 2.941) H;idi=— 7.0 Hz) 


due to the methyl hydrogens of the ethyl group. 


1-Benzyl-2-(2-phenyl-2-butyl) hydrazine, 28 

2-Phenyl-2-butylhydrazine (2.5 g, 0.015 mole) was dis- 
solved in 20 ml of anhydrous ether and treated with 1.6 g 
(0.015 mole) of freshly distilled benzaldehyde as described 
above. .After filtration of the ethereal solution of hydra- 
zone, 27, it was hydrogenated over 5% palladium on charcoal 
(0.4 g). After uptake of hydrogen was complete, the re- 
action mixture was carefully filtered under an atmosphere 
of nitrogen. The ether was removed and the residue dis- 


tilled under reduced pressure to yield a colorless viscous 


rhe 


liquid, b.p.:130-2° (0.2.mm), ae 


1.55829 waeldhenirg 
(67%) . 

The n.m.r. spectrum (CCly) of the product had the 
following peaks: JT 2.6-2.9 (multiplet, 10.1 H) due to the 
phenyl hydrogens, 76.20 (singlet, 1.8 H) due to the 
benzylic methylene hydrogens, 6.77 (singlet, 2.0 H) due 
to hydrogens on the nitrogen atoms, T 8.3 (quartet, J = 
7.5 Hz) and 78.56 (singlet) due to the methylene hydrogens 
of the ethyl group and the benzylic methyl groups, res- 
pectively, (combined area 5.2 H) and T9.32 CEriplete 
3.1H, J = 7.5 Hz) due to the methyl hydrogens of the 


ethyl group. 
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1-Benzyl-2-(2-phenyl-2-butyl) hydrazine oxalate, 30 

This was prepared simply by adding a solution of 
oxalic acid in a minimum of ethanol to an ether solution 
Of 25. No oxalate formed directly, but. on standing in the 


refrigerator for several days a white solid formed, 


m.p. 160-3°. 


1,1'-Diphenyl-l-ethyl-l-methylazomethane, 29 

The hydrazine, 28 (0.6 g),was dissolved in 50 ml 
of ether and placed in a neutralized flask which was then 
stoppered with a rubber septum through which oxygen was 
passed. A pressure of 5 p.s.i. of oxygen was maintained 
over the ethereal solution for twenty hours. The ethereal 
solution was washed with distilled water and dried over 
anhydrous potassium carbonate. The ether was then removed 


on a rotary evaporator leaving a yellow oil (0.45 g), 


25 
Ans 


peaks: 72.66 (singlet, 10.0 H) due to the phenyl hydro- 


P3056. Phe en.M.r. Spectrum (CDC13) had the following 


gens, 74.97 (singlet, 2.04 H) due to the benzylic 
methylene hydrogens, 77.98 (quartet, 2.1H, J = 7.5 Hz) 
due to the methylene hydrogens of the ethyl group, 78.57 
(singlet, 3.1 H) due to the benzylic methyl hydrogens, 
T9230 (triplet, 3.0 H.,o = 7.5) Hq) due to, theemethyl 


hydrogens of the ethyl group. 


A u.v. spectrum of 29 was recorded. This showed a 
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maximum absorption at 3700°A which is due to the azo com- 
pound. Another maximum was observed at 2800-3000°A due to 


a4trace of hydrazone.. 


Ana lea Calica. for C1 7H No: COU ee Aa also ean pote 
Found: Cy o0. 46° 4, 7e..On2 NOG 


es OO Ubi ie Or 


(-)-1,1'-Diphenyl-l-ethyl-l-methylazomethane, (-)-29 
This was synthesized as described from (+)-26, 


clare = +3.52° (neat, 11 dm), 26% optically pure. Com- 


pound 27 was not isolated but converted directly to 28 
which was distilled but its rotation was not taken. 


Oxygenation was carried out as described above to yield 


(-)-29, nae = heoo2e. (ahts {rotation was0taken: 


[oe]?? Se eG ame i GOS. -6GR bbe ley 205 
D, 546, 436 = 


benzene). Corrected to optical purity the rotations 


25 re) fe) e) 
= _ 4 ’ _ ry 1 = e 2 e 
would be [otf 546, 436 49.23 65.08 259.9 An 


o.r.d. spectrum of the azo compound, (-)-29, was taken. 
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2-Methyl-2-phenylbutanonitrile, 31 

To a solution of 10 g (0.069 mole) of 2-phenylbutano- 
nitrile in 100 ml of dry dimethoxyethane was added 10 g 
(0.07 mole) of methyl iodide. This reaction mixture was 
cooled in an ice-bath and 2 g of sodium hydride was added 
toythe-stirred.solution inismall amounts...) Evolution of 
hydrogen was observed. On completion of addition, the re- 
action mixture was stirred for three hours. The mixture 
was first treated with a small quantity of ethanol and then 
added to water and the organic fraction extracted with 
ether:o,The-conmbined ether fractions were extracted-with 
water, and dried over anhydrous potassium carbonate. The 


ether was evaporated and the residue distilled, b.p. 62° 


a 
D 


was 8.4 g (77%). 


1.5034 (lit (113) n2° 1.5036). The yield 


(0.4 mm), n D 


The n.m.r. spectrum (cclg) had the following peaks: 
Fw2.4-2.9 (multiplet, 5.0 H) due to the phenyl hydrogens, 
78.18 (quartet, J = 7.0 Hz) due to the methylene hydro- 
gens, 78.46 (singlet) due to hydrogens of the benzylic 
methyl group, (combined areas 5.0 H) and 79.15 (triplet, 
3.1H, J = 7.0 Hz) due to the methyl hydrogens of the 


ethyl group. 


1,2-Diphenyl-2-methyl-1l-butanone, 32 


The method used to convert 31 to 32 was a modification 


of a method-used previously (121). A solution of phenyl- 
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magnesium bromide was prepared by addition of 6 g (0.038 
mole) of bromobenzene to 1 g (0.04 g-atom) of magnesium in 
50 ml of ether. Compound 31 (5.5 g, 0.035 mole) dissolved 
in 20 ml of ether was added over fifteen minutes. The 
reaction mixture was stirred under reflux overnight. The 
mixture was then poured into an ice-hydrochloric mixture. 
This was stirred for several hours to hydrolyze the imine. 
The reaction mixture was then extracted several times with 
water and dried over anhydrous potassium carbonate. The 
solvent was evaporated and the residue distilled. Two 


fractions were obtained. The first distilled at 70-75° 
22 


(0.3-0.5 mm), Ny 1.5272. This was not the desired product 
and its identity is not known. The second fraction dis- 
tilled at 110° (0.3 mm), no” 1.5723 (lit (113) b.p. 132° 


ae i 5/00)). The yield of 32 was 4 9 (44%). (The 


(1 mm), np 


n.m.r. spectrum (CCly) had the following peaks: 72.4-3.0 
(multiplet, 10.0 H) due to the phenyl hydrogen, T 8.0 
femartet, 2.14 0, JUs= 7.5 Hz) due to the methylene hydro- 
Gere, | 6. 5a(singlet, 2.9 H) due to the hydrogens of the 
benzylic methyl group and 79.25 (triplet, 3.2 H, J = 


7.5 Hz) due to the methyl hydrogens of the ethyl group. 


Attempted conversion of 32 to 35 


A solution of 1 g of 32 in 50 ml of methanol was 


treated with 5 g of Raney nickel and hydrogenated. The 
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uptake of hydrogen appeared to be about 70% of the expected 
2 mole equivalents. The reaction mixture was heated under 
reflux for one hour. The mixture was then tested for the 
presence of the hydrocarbon by g.l.c. analysis. No peaks 
appeared Gi the sohrotacouram at Che retention time Of 35. 
However, a peak did occur at longer retention time. This 
was identifed by its retention time as being due to the 


alcohol, 1,2-diphenyl-2-methyl-l-butanol, 33. 


1,2-Diphenyl-2-methyl-l-butanol, 33 

This was prepared by the method of Cram and Allinger 
(bbs PeacTook.GigtofSelrvthiumialuminum hydridéninelood ml “of 
@anert iwasraddedd4 20egutO70b? mole) tof #thevketone, t32.° The 
reaction mixture was stirred under reflux overnight and 
was then neutralized with 1 ml of water followed by 3 ml 
of 15% potassium hydroxide solution and again 1 ml of 
water. The ether solution was decanted, dried over 
potassium carbonate and the solvent evaporated. The resi- 


due was distilled under reduced pressure, D.p. 125 al One 


(0.4 mm), no” 1.5725 (lit (113) b.p. 164° (4.5 mm), 
na” 1.5719. The yield of the very viscous product was 


Beet om). the n.mor. spectrum (CCl4) had the following 
peaks: 7%72.5-3.4 (multiplet, 10.2 H) due to the phenyl 
hydrogens, 75.5 (2: singlets, 0:8 H) due to the methine 


hydrogen, T7.7-9.6 (series of overlapping peaks, 8.9 H) 
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due to ethyl hydrogens, benzylic methyl hydrogens and 


hydroxyl hydrogen. 


1,2-Diphenyl-2-methyl-l-butyl p-Toluenesulfonate, 34 

This was synthesized as described previously (113). 
The alcohol, 33, (1g) was dissolved in 20 ml of dry ben- 
zene. A piece of potassium metal (0.25 g) was added and 
the reaction mixture heated under reflux for four hours, 
during which an atmosphere of nitrogen was maintained above 
the reaction mixture. The mixture was then cooled in an 
ice-bath and p-toluenesulfonyl chloride (0.85 g) was added. 
The reaction mixture was stirred for about an hour. It 
was filtered and the solvent evaporated to yield the crude 
sulfonate. This was not purified but was used directly 


in the next step of the synthetic sequence. 


1,2-Diphenyl-2-methylbutane, 35 

Crude tosylate, 34, from the experiment above, was 
added to a slurry of 1 g of lithium aluminum hydride in 
30 ml of ether. The reaction mixture was stirred for 
about twenty hours. Excess hydride was destroyed by 
addition of an ice-sodium hydroxide solution to the 
reaction flask. The ether layer was separated and dried 
Over sodium carbonate. After removal of the ether, the 
residue was analyzed by g.l.c. and several peaks appeared 


on the chromatogram. The main product was isolated by 
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g-l.c. (50 mg) and was identified by n.m.r. analysis as 
being 35. The following peaks were observed in the n.m.r. 
spectrum (CCly4): T2.5-3.5 (multiplet) due to the phenyl 
Gporogvens, 2. 7.2 (aopeir.oL dopblets, J = 13,Hz) ,due_to 
ne benzylic hydrogens, ‘T7.7-8.6 (multiplet) due to the 
ta ee hydrogens of the ethyl group, 78.8 (singlet) 
due to the benzylic methyl hydrogens and 7 9.3 (triplet) 
due to the methyl hydrogen of the ethyl group. The ratio 
of the areas of the phenyl hydrogens to the rest was 

10.0 H : 9.2 H. There were some extraneous peaks in the 


eae Spectrum at 15.0-5.6 and at “t#8.2-G. 5. 


2-Benzyl-2-phenylbutanonitrile, 36 

A stirred solution-of 29 g (0.2.mole) of phenyl- 
butanonitrile and 26.5 g (0.21 mole) of benzyl chloride 
‘in 120 ml of dimethoxyethane was placed in an ice bath and 
treated with 5.4 g (0.225 mole) of sodium hydride which 
was added in small amounts over a two hour period. When 
addition was complete, the ice bath was removed and stir- 
ring was continued overnight at room temperature. It was 
SNenostirred under reflux for three hours. The reaction 
mixture was cooled and ethanol was added to destroy excess 
hydride. Water was added to the reaction mixture which was 
then extracted en ether. The ethereal solution was dried 
Over anhydrous sodium carbonate. The ether was evaporated 


and the residue distilled, b.p. 146-9° (0.5 mm), 
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n2> = 1.5576, (lit (122) b.p. 201° (17 mm)). The yield 
was 37 g (85%). The following peaks were observed in the 
n.m.r. spectrum (CCly) of the compound: T2.5-3.1 (multi- 
plet, 9.5 H) due to the phenyl hydrogens, T6.9 (singlet, 
2.0 H) due to the benzylic methylene heirncans: Thiago 
(quartet, 1.9 H, J = 7.0 Hz) due to the ethyl group 
methylene hydrogens, and~ 79.1 (triplet, 3.3 H, J = 


7.0 Hz) due to the methyl hydrogens. 


2-Benzyl-2-phenylbutanoic acid, 37 

To 31 g (0.8 mole) of potassium hydroxide in 120 ml 
of diethylene glycol was added 37 g (0.16 mole) of 2- 
benzyl-2-phenylbutanonitrile. The reaction mixture was 
heated under reflux for forty hours. ‘It was then cooled 
and 600 ml of water added. The reaction mixture was then 
extracted with ether to remove unreacted nitrile. The 
aqueous layer was acidified with concentrated hydrochloric 
aeidcands37 separated dsvaiwhite, solids) This’ was (fpvltered 
off and dried yielding 36 g (90%) of 37. A small portion 
was recrystallized from heptane, m.p. 140.5-143° (lit (122) 
m.p. 140°C). The n.m.r. spectrum (CCly) had the following 
peaks: T -2.3 (broad singlet, 1.0 H) due to the carboxylic 
hydrogens, ‘Y 2.6-3.3 (multiplet, 10.3 H) due to the 
phenyl hydrogens, 76.68 (singlet, 2.06 H) due to the 
benzylic methylene hydrogens, 78.05 (quartet 2.0 H, 


J = 7.0 Hz)}-due to the methylene hydrogens of the ethyl 
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the methyl hydrogens. 


2-Benzyl-2-phenyl-l-butanol, 38 

To 1 g of lithium aluminum hydride in 50 ml of ether 
was added 2.5 g (0.01 mole) of Sis “The reaction Mixture 
was stirred overnight. The excess hydride was destroyed 
by addition of ice, followed by sufficient 6 N H5SO, to 
dissolve the salts formed. The ether layer was separated, 
washed with water, sodium carbonate solution and dried 
over anhydrous een carbonate. After evaporation of 
solvent the residue was distilled, b.p. 106° (0.5 mm), 
Gee Deofo0, . yield 38%.9 The n:m.r. spectrum (CC1ly) had 
the following peaks: 7 2.4-3.3 (multiplet 10.6 H) due to 
the phenyl hydrogens, 76.32 (singlet, 2.0 H) due to the 
hydrogens of the methylene group adjacent to the oxygen, 
T6.98 (doublet, 1.8 H) due to the benzylic methylene 
hydrogens, 7 8.1-8.6 (quartet + singlet, 3.0 H) due to 
the methylene hydrogens of the ethyl group and the hydroxyl 


Mocoegen and tT 9.22. (triplet,370 -H) J = 615'Hz) due: to 


the methyl hydrogens. 


2-Benzyl-2-phenyl-l-butyl p-Toluenesulfonate, 39 
An ice-cold solution of 2.4 g (0.01 mole) of 38 in 
7 ml of dry pyridine was added to an ice-cold solution of 


Be2g) (05017 mole) of freshly recrystallized..p—toluene- 
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sulfonyl chloride in 7 ml of dry pyridine. The mixture 
was allowed to stand at room temperature for twenty-four 
hours. Water was added and the mixture was poured into 
10% hydrochloric acid. This was extracted with ether. 
The ether extracts were combined, washed with water and 
sodium bicarbonate solution and dried over potassium 
carbonate. The ether solution was concentrated and ligroin 
was added. This solution was placed in the refrigerator 
and crystals of 39 formed, yielding 3.4 g of product, 
m.p. 105-109° decomp. The n.m.r. spectrum (CDC1l3) had 
these peaks: a 2.1-3-25 (multiplet, 14.0°H) due to’ the 
phenyl hydrogens, 75.9 (singlet, 1.9 H) due to the 
hydrogens of the methylene group adjacent to the oxygen 
atoms, 77.05 (singlet, 1.7 H) due to the benzylic 
methylene hydrogens, T7.6 (singlet, 2.9 H) due to the 
p-methyl hydrogens, 78.3 (quartet, 2.1H, J = 7.5 Hz) 
due to the methylene hydrogens of the ethyl group and 
fromalettriplet, 2.7-H, d= 7.5 Hz) due to the methyl 


hydrogens of the ethyl group. 


Attempt to synthesize 35 from 39 


A “solution of 1 g of *39 in» 10-ml ether was added to 
a slurry of 1 g of lithium aluminum hydride in 20 ml of 
ether. The reaction mixture was stirred for two days, and 


then treated with crushed ice, followed by 6 N H,SO,. 
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The ether layer was separated, washed with water and dried 
over potassium carbonate. The solution was then analyzed 
Pee to oo eenorpean Occurred on the ihromatogram 


at the retention time for this product. 


1,2-Diphenyl-2-methyl-l-methoxybutane, 40 
1,2-Diphenyl-2-methyl-l-butanol, 33, (2.19, 0.009 
mole) was gue colved in 30 ml of dry dimethoxyethane and a 
solutionjo£ 2.5-g (0.017 mole) of methyl iodide*in:50 ml 
of dimethoxyethane added. The stirred mixture was cooled 
in an ice-bath and 0.3 g of sodium hydride was added 
slowly.) Stirring was continued for four hours at “room 
temperature, followed by three hours under reflux. The 
reaction was cooled and water added. It was then extracted 
with 100 ml of ether which was washed with water and dried 
over anhydrous potassium carbonate. The solvent was evapo- 
rated and the residue distilled, b.p. 94° (2.5-3 mm), 
wi 45495, yreld 137 g2 The’n.m.r. spectrum (Celg) of 


this diastereomeric mixture had the following peaks: T 2.5- 


n 


3.4 (multiplet, 9.6 H) due to the phenyl hydrogens, 75.94 
and 75.97 (two singlets, 0.9 H) due to the methine hydro- 
gens, 176.86 and 76.96 (two singlets, 3.0 H) due to the 
methoxy hydrogens, T7.6-8.6 (multiplet), due to methylene 
hydrogens, T8.77 (singlet) due to the benzylic methyl 


hydrogens, and 79.3 (quartet) due to the methyl hydrogens 
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of the ethyl group. Combined areas 8.2 H. 


1,2-Diphenyl-2-methylbutane, 35 

Compound 40 (0.8 g, 0.003 mole) was dissolved in 100 
ml of anhydrous ether to which was added 2 ml of sodium 
potassium alloy synthesized by the method of Gilman (123). 
The reaction was stirred under an atmosphere of nitrogen. 
The reaction mixture became a reddish color and began to 
deposit a white precipitate. The mixture was stirred for 
twenty-four hours at room temperature. It was then cooled 
and an ice-cold ether-methanol mixture was added slowly to 
decompose remaining alloy. Water was then added and the 
ether layer was separated. The ethereal solution was 
dried over anhydrous potassium carbonate. G.l.c. analysis 
of the ethereal solution showed that the mixture was 
composed of 70% of 35 and 30% of 40. The hydrocarbon, 35, 
was isolated by preparative g.l.c. (SF 96 column), 100 mq, 
nae WSS sel a 1 1'3) noe 125550)-) *Thegn nm. re -spectrcum 
Of 35 prepared this way was closely similar to that ob- 
tained by the method of Cram and Allinger (113) except that 
none of the extraneous peaks observed in the n.m.r. 


spectrum of 35 prepared by that synthesis were present. 


Stereospecific synthesis of 35 


(-)-1,2-Diphenyl-2-methyl-1l-butanone, (-)-32 


To 1 g of (-)-2-phenyl-2-methylbutanoic acid, 
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fig ]2* = -29.6° (c 4.8, benzene) in 15 ml of anhydrous 
ether was added 3 ml of thionyl chloride. The reaction 
mixture was allowed to stand for four hours and then heated 
under reflux for a further four hours. The solvent and 
excess thionyl chloride were removed on a rotary evaporator 
and the crude acid chloride was used directly in the next 
step. 

Diphenylcadmium was synthesized by a method previously 
reported (124). To a solution of diphenylcadmium, 
synthesized from 7 g of bromobenzene, in benzene was added 
a solution of 41 from the experiment above in benzene 
solution. The reaction mixture was stirred under reflux 
Overnight. The reaction mixture was cooled and ice was 
added to it. This was followed by addition of sufficient 
6 N H,S0O, to ensure solution of the cadmium salts. The 
benzene layer was separated and the aqueous layer extracted 
with a further portion of benzene. The combined benzene 
fractions were washed with water and sodium carbonate 
solution, and dried over anhydrous potassium carbonate. 

The benzene was removed on a rotary evaporator and residue 
arecriied. . Two, fractions distilled over, the first of 
which solidified. This was readily identified as biphenyl. 
The second fraction was a liquid, b.-p. 80-90° (0.5 mm). 
Owing to the small quantity, purification of this was per- 


formed by chromatographing it on 60 g of alumina using 
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pentane as eluant until all biphenyl had been removed. The 
Ketone was then washed from the column with ether. The 
ether was removed from the ketone by rotary evaporator at 


reduced pressure. On removal of solvent, 160 mg of (-)-32 


2 
was obtained, [ol] “ = -61.09° (c 6, benzene) no? 15705 
25 
iat Ld 3) ols =O347@ (heat, 1 1am), nae 125700) 


(+) -1,2-Diphenyl-2-methylbutane, (+)-35 

Compound (-)-32 synthesized using the method above 
from 3 g of (-)-2-phenyl-2-methylbutanoic acid was con- 
Mereeueco the alcohol 33 as) reported.already. One gram of 
this alcohol was converted to the ether, 40, as described 
already and this was converted to the hydrocarbon by 
sodium potassium alloy as described for the racemic 
material. The crude hydrocarbon obtained was distilled, 
bap. 87°c (0.2-0.3 mm). G.l.c. analysis, however, revealed 
that it contained a small amount of the ether, 40. There- 
fore, final purification was carried out by preparative 


26.45 
Griscs, Np 


1.5584. The rotation of the hydrocarbon was 
[ot]*° Styges, Qtone7ly And i7e° i taeat7% 

D, 546, 436 a = 
benzene), (lit (113) ol5° = +67°, (neat, 1 1 dm)). 


An o.r.d. spectrum of the hydrocarbon, (+)-35, was 
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recorded, solvent, benzene; concentration, 0.21 M. 


(2 piee Ss Lalbee +500° 
[?],., +1679 [3]... +880° 
[ ¢] bora +224° [3] +1835° 
L8) 50 +326° 


Kinetics of decomposition of 29 

These were carried out in exactly the same manner as 
EOrtthe; decomposition..of #s,in Chapter I. By carrying out 
the reactions at lower temperatures, the rates of 
evamle1on “were about the same as for 7. The data and 
plots for the decompositions are shown in Tables XIII and 


XIV. 


Products of decompositions 


The products of decomposition of 29 were identified 
in the following manner. A.few microlitres of 29 dissolved 
in benzene were injected directly into the injection port 
Sls thoevg.l.c. fractometer. The fractometer conditions 
were: Injector temp, 2709; Detector temperature, 250°; 
coin (SF 96) temperature 200°; Helium flow rate 85 ml/ 
min. Due to the high column temperature, low boiling pro- 


ducts came off the column at the same time as solvent. 
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However, three peaks at retention times of 4.2, 8.2 and 
19.1 minutes were observed. By comparison of these with 
the retention times of authentic samples, these were found 
to be bibenzyl, 35 and 42 and 43, respectively. Spent 
solutions of 29 in cumene from the kinetic runs were also 
analyzed and were found to have these peaks. The compound 
giving rise to the peak at a retention time of 8,2 minutes 
was collected as it eluted from the column and an n.m.r. 
spectrum was taken of this material. The spectrum was 
foentical in all ¥Yespects with that of 35 obtained by 


synthesis from 2-phenylbutanonitrile. 


Determination of product distribution 


Benzene Solution 

Azo compound, 29, (0.363 g) was dissolved in 110 ml 
of redistilled benzene. This was placed in a steel bomb 
which was then flushed with nitrogen for several minutes. 
The bomb was sealed and decomposition was carried out at 
110° for twenty hours. A sample of this solution was then 
analyzed for product distribution. Results are shown in 


Table XVI. 


Pentane Solution 
Azo compound, 29, (0.068 g) was dissolved in 20 ml 
of pentane, placed in a bomb which was then flushed with 


nitrogen for several minutes, sealed and the decomposition 
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Carried out at 110° for twenty hours. The solution from 
this decomposition was analyzed directly by g.l.c. The 


‘results are shown in Table XVI. 


Decomposition of optically active 29 in the presence 
of scavengers 

Optically active azo compound 29 of both positive and 
negative rotations were decomposed. The solvent was re- 
moved, by flashgdistillation and the product, 35, was 
isolated in each case by preparative g.l.c. using a 10% 
Carbowax 20M on 60/80 Chromosorb W Column (6' x \"). Run 
1 was performed on (+)-29. Runs 2-6 were performed on 


(-)-29 of rotation [t]*° =¥2t2;88°" 26% optically pure. 


Run 1 
Azo compound (+)-29 (0.97 g), [ot] 2° aoe TE OGS Cc 
tonl. 25, benzene), 56% optically pure, and butanethiol 
(4.7 g) were dissolved in 50 ml of benzene. This was 
placed in a bomb which was then flushed with nitrogen and 
sealed. The bomb was heated at 102°C for about thirty 
hours. The bomb was then cooled and opened. The solvent 
was evaporated and the residue fractionated by g.l.c. on 
an SF 96 column. Material that had the retention time of 
35 was collected. This was found to consist of a mixture 
Govarwiite soOlididndsa taquid. In ordénsto separate these 


a new column was required. A satisfactory one was Carbo- 
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wax 20M operated under the following conditions: He flow 
rate, 80 ml/min; column temperature, 200°C; Injector tem- 
perature, 250°C; Detector temperature, 250°C. Under 
cese veondi trons itheeli guid, 35 7had: aweretention itime of 
four minutes and the solid had a retention time of seven 
Minutes. The solid was collected and its n.m.r. spectrum 
taken. This was equivalent to that reported for trans- 
stilbene. Compound (-)-35 was collected and its rotation 


measured, [ot ]2° AS eer Paeoame-10.1~ bow le 67 benzeney:. 


Run 2 

Azo compound (-)-29 (0.46 g), [ol ]*° = ~-12.88° Lc 
(c 2.95, benzene), ng° = 1.5527, and butanethiol (3.48 g) 
were dissolved in 50 ml of benzene and placed in a bomb. 
This was flushed with nitrogen and sealed. Decomposition 
was carried out at 110°C for fifteen hours. The bomb was 
cooled and opened. A sample of the solution was saved for 
analysis and the remainder was taken and solvent evaporated 
Off. The coupling product, (+)-35, was isolated from the 
residue by preparative g.l.c. using Carbowax 20M at a tem- 
perature of 200° and a helium flow rate of 85 ml/min. 
Under these conditions, the retention time of the coupling 
product was about five minutes. Forty milligrams of (+)-35 
was isolated. This was dissolved in 1 ml ee benzene and 
rotations taken at three wavelengths, [of] 546, 346 = 


+2.45°, +3.2° and +5.8° (c 4.0, benzene). 
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Run 3 

Azo compound (-)-29 (0.45 g), and butanethiol (3.9 g) 
were made up to 50 ml with pentane. This was placed ina 
bomb which was flushed with nitrogen before sealing. The 
decomposition was carried out at 110°C. After decompo- 
sition was complete and the solvent removed, (+)-35 was 
Teovatea by preparative gq-lec.. (+)-35 had rotations of 


[od ae 46. 436 7 127420) +2-83°, +5.07°%(c 2.3, benzene). 


Run 4 

Azo compound, (-)-29 (1.17 g), dissolved in 40 ml of 
butanethiol was decomposed at 110°C for twenty hours. The 
solvent was evaporated and (+)-35 isolated from the residue 
Dyeoteparative g.l.c. assdescribed for the earlier runs. 
The isolated hydrocarbon had a refractive index of 
ee 1.5565. Its n.m.r. spectrum was taken and was found 
identical with those obtained for synthesized material. 
The tical rotations were measured lob | 5” = 

aio ' |[OJ]p, 546, 346 
Ru? ce ORT eo +5.16° (e46.38, benzene)... A» second pass 
through the fractometer was then performed and the 

bles e 
rotation of collected material was Deeste  a3e0” 


+2.39°, +3.03° and +5.54° (c 4.2, benzene). 


Run 5 
Azo compound, (-)-29 (0.36 g), was dissolved in 110 


ml of redistilled benzene and placed in a bomb which was 
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flushed with nitrogen and sealed. The bomb was then 
heated for twenty hours at 110°C. The reaction mixture 
was then concentrated and the hydrocarbon product, (+)-35, 
isolated by preparative g.l.c. The optical rotations were 


measured [ol] 546, 436 


(c 3.9, benzene). 


Ses 7 +1 5 +o OT” 


Run 6 

Azo compound, (-)-29 (0.6 g), and butanethiol (4.2 g) 
were dissolved in 45 ml of benzene and heated for three and 
one half days at 86°C. The coupling product, (+)-35, was 
isolated from the reaction mixture by preparative g.l.c. 


. a fe) O O 
The rotations were [ot] iGeAIG:= ogee Vhs eae oP ayes be oy oe aoe aa 


foee.«, benzene). 


Product distribution in scavenged runs 


In runs 2, 3 and 4, samples of the decomposition mix- 
ture before evaporation of solvent were saved in order to 
determine by g.l.c. analysis (Carbowax 20M column) the 
relative quantities of 2-phenylbutane and coupling product, 
35. This was done by temperature programmed analysis. 

The initial column temperature was 100° rising to 200° 
over thirty minutes. The results of these experiments are 


shown in Table XIX. 
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Decomposition in presence of thiophenol 

Azo compound 29 (0.28 g) and thiophenol (2.65 g) were 
dissolved in 25 ml of benzene. The bomb was flushed with 
nitrogen and sealed. The solution was heated for twenty 
hours. Analysis of the reaction mixture was by temperature 
programmed g.l.c. (Carbowax 20M column). A similar pro- 
cedure was adopted for thiophenol-pentane solvent. The 


results are shown in Table XIX. 
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CONCLUSION 


These investigations into stereochemistry of the cage 
recombination in the decomposition of azo compounds show 
that cage products were 85-90% racemic. A similar study 
by Greene and Berwick (39) on the decomposition of optical- 
ly active 1,1'-diphenylazoethane confirmed these findings. 

These results contrast with those obtained for the 
decomposition of optically active diacyl peroxides by 
Greene (22 ), Kharasch and coworkers (23 ) and deTar and 
coworkers (24). They found 15-30% racemization in the 
alcohol moiety of the esters produced. 

A mechanism proposed for ester formation in the decom- 
position of diacyl peroxide involves cleavage to two acyl 
radicals followed by loss of carbon dioxide from one to 
formpeansalkyl radical «omhismalkyl. radicaifthen combines 
with the other acyl radical in the solvent cage. 

Simceethe xesuitsermdicateraahigh degreetofaretention 
of configuration, this implies that the alkyl radical 
formed had retained its asymmetry. For this to occur, the 
coupling of the alkyl radical with the acyl radical must 
be very fast relative to its rate of rotation and it must 
have been generated in close proximity to the acyl radical. 
This implies that loss of carbon dioxide from the acyl 


Fadsieals must be very®*fast.**f£*this “isthe casey; then*it 
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is surprising that more hydrocarbon coupling product is 
not formed in these reactions. Rapid loss of carbon 
dioxide does not seem probable in view of Martin and 
Taylor's finding that there is a high degree of recombi- 
nation of -acylsradicals |to»sregenerate the starting 
Material in the decomposition of acetyl peroxide (125). 
Duewould Seenp, thererore, that the high GeGlee OL LeuencLonl 
Observed might be due to an alternate mechanism for the 
formation of ester product formed in these decompositions. 

Decomposition of meso- and dl-3,6-diethyl-3,6-di- 
methyl-3,4,5,6-tetrahydropyridazine yielded the correspon- 
ding cyclobutanes with 98% retention of configuration 
(38). The difference between these azo compounds and 
cyclic»azoalkanes is in the’ geometry of the nitrogen-nitro- 
gen double bond. In acylic azoalkanes, the two alkyl 
OLrours are in a trans conpionmation.«as-Therefore, as they 
decompose, the carbon nitrogen bonds stretch and alkyl 
groups move so as to permit overlap of the nitrogen 
Orbitals. The result of this is the two alkyl radicals 
when formed are an estimated 7 °A apart and are separated 
by~a molecule of nitrogen»(37),. 

On the other hand, the substituted tetrahydropyrid- 
azines have cis geometry about the nitrogen-nitrogen 
double bond. Decomposition should bring the two -carbons 


closer together. This may explain the much higher degree 


f 
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of retention of configuration. However, it would be ex- 
pected that orbitals of the trigonal carbon atoms would be 
parallel to each other immediately following decomposition 
so that it would appear that inversion and retention of 


configuration are equally probable. 
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A stereochemical study of this kind could be used to 
investigate the nature of the cage effect since product 
arising from primary recombinations would be expected to 
yield product of higher retention of configurations than 
that arising from secondary recombinations. However, the 
scavenger, butanethiol, used in this study, was of low 


reactivity so that interference with secondary recombi- 
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nation was neither anticipated nor observed. The results 
indicate, however, that some diffusion in the solvent 

cage 1TSs*possibpie.* "Since the tifetime of a’ collision (126) 
(aR seconds) is*of the same order of magnitude as the 
resaxeclon cCime* for rotation and since the rate of coupling 
Coerotation, KA/K,, indicates that the radicals can rotate 
Reneco twenty times Leseer than they couple, some 

Cereus lOon oY radicals; woicn contribute to the cage effect, 


May occur. 
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